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SYNOPSIS
The applied objective of this research was to prepare 
an ultra-high molecular weight polyethylene with improved 
physical properties more suited for use in surgical 
implants, especially artificial hip-joints, than those of   
current materials. A recently discovered Ziegler catalyst 
system involving aluminium alkyls and titanium (III) 
chloride prepared using a ifrignard reagent was used to 
obtain material of high molecular weight at very high levels 
of catalytic activity. Using this system, conditions have 
. been established for preparing polymer of viscosity number 
25 cm^gnT1 x 10"2 (H^0.1.4 x 106 ) and titanium content
1 ppm compared with viscosity number 17 cm^gm"^ x 10 
and titanium content 10 ppm for the commercial material 
Hostalen GUR, The processes required for the unusually 
stringent purification of reagents necessary to obtain the 
benefit of the exceptional activity of the present catalyst
£
system (employed down to very low concentrations: 1 x 10 
molar) are described,
A kinetic study of the reaction was undertaken in 
which the rate of polj^ierization has been observed in 
relation to the concentration of aluminium triethyl, 
concentration of titanium (III) chloride and the reaction 
temperature. The conditions in which mass transport 
limitations occur were defined, and a value for the 
maximum rate in the absence of such effects determined. 
The value of the overall apparent activation energy of the 
reaction was estimated as 75.3 kj.mole""1 ^Q kcal.nole""1 ) ^
ii
The behaviour of the number average molecular weight 
of the polymer was studied as a function of catalyst 
concentration and temperature* Viscosity measurements 
were used to estimate Mn , from which values of the 
concentration of active polymerization sites, propagation 
rate constant, transfer rate constant and the lifetime of 
the growing polymer chain were found both for the magnesium 
reduced system and for a conventional catalyst system. 
Results indicate the magnesium reduced system has about 
130 times-the active sites found in the conventional system 
but that the intrinsic., catalytic activity of each site is 
not quite as high. The enhanced activity of the catalyst 
is attributed to the disorder present in the particles. This 
is thought to arise from the alkyl magnesium halide 
preparation method.
I wish, to thank Ghas. b\ Thackray Limited for the 
provision of the grant to support this work. I am 
indebted to Krs. I. A. Price for assistance with the 
preparative experiments at elevated pressure and the 
determination of viscosity measurements. I am also 
grateful to Professor R. IT. Haward and Dr. I. ¥. Parsons 
for their valuable discussions and helpful advice. I 
should also like to thank Mrs. D. S. Seal for typing the 
manuscript.
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INTRODUCTION
Although polymer science is one of the youngest branches 
of. chemistry, polymers are at least as old as man himself,
fox the most important substances in nature, cellulose, 
proteins, nucleic acids and enzymes are all polymeric compounds,
However it is only in relatively reoent times that scientific 
studies have been made of polymeric materials and from these
the possibility of their syntheses by suitable chemical 
reactions developed.
»
The period of the 1939 - 1945 v/ar stimulated intense 
activity in macromolecular chemistry although it had been a
subject of scientific interest and technological advancement 
since the beginning of the nineteen thirties. Prior to this
time with the exception of the discovery of "Bakelite" most 
developments in the commercial exploitation of polymers were
confined to the processing of naturally occurring materials, 
such as wool, cotton, cellulose, and leather; synthetic 
.polymers being virtually.unused as commercial materials* 
Polymers1
Polymer is a word of Greek derivation meaning "many parts 11 
(polus - many; meros - parts) and is used to describe 
substances whose molecules are made up of many similar, units 
joined 'together. These single units are generally small 
groups of atoms but can be single atoms. The molecules from 
which a polymer is formed are known as monomer units. Twor 
such monomer units chemically combined form a dimer, three 
a trimer, four a tetramer, etc.
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The name "Polymer" is normally confined to cases when the 
molecular weight exceeds about 10,000   usually about; 
200 - 500 units upwards. At this stage the material has 
properties which are fundamentally different from those af 
the original unit molecules, this is mainly due to the very 
great size of the macromolecules. shorter chains with up to 
about 100 monomer units joined together are known as oligomers
In macromolecular chemistry, unlike traditional organic 
chemistry where synthetic materials are indistinguisable 
from their natural counterparts, there are no simple syntheses
from low molecular weight compounds of the natural high.
as 
polymeric materials:. Therefore/the characteristics of
polymeric materials differ substantially from low molecular- 
weight materials it is often most convenient to classify 
macromolecules by their source of origin as shown in Table 3L. 
.Early developments in synthetic polymers
Natural high polymers have been utilised by man for; 
thousands of years  Most foods and many clothing materials 
e.g. wool, cotton, leather, silk, contain cellulose, starch, 
and protein macromolecules. The industrial usage of 
synthetic polymeric materials, however, is quite recent. It 
is only during the last three decades that the development; 
of industries for the production of synthetic fibres and
filaments and preparation of synthetic resins and plastics 
has occurred.
The first industrial processes involved the conversion.
 -'5 
of natural polymers. Most of the early commercial effort; 
was centred on the production of artificial fibres and 
the fabrication of articles from rubber. In the early 
part of the 19th century rubberised fabrics were success- 
fully produced and in 1839 Goodyear developed a technique 
for the vulcanisation of rubber. The "Regeneration of 
cellulose"v^s the earliest technique for the preparation 
of synthetic fibres; as early as 1855 an "artificial silk" 
had been made from nitrocellulose. However, it was not 
until 188-3 that J. W» Swan produced cellulose filaments 
("rayon") by a process which could be adapted for 
commercial exploitation*
Table 1 
Classification of macromolecular substances
I Naturally occurring substances.
a. Hydrocarbons e.g. rubber, gutta percha 
b. Polysaccharides e.g. celluloses, starches 
c. Polynucleotides e.g. nucleic acids 
d» Proteins and enzymes 
e_ Lignins and tannins
II Conversion products of natural substances 
Vulcanised rubbeir 
Rayon and cellophane 
Cellulose nitrate 
Leather
-4- 
III Synthetic materials
a. Condensation polymers 
Polyamides ("nylon")
Polyesters 
Polyurethanes
Polycarbonates
Phenol-aldehyde resins ("Bakelite")
Amino resins 
Epoxy resins 
Polyethers 
Silicones 
b. Addition polymers
Polystyrene
Polyvinyl chloride
Polyvinyl acetate
Polyethylene ("polythene")
Polypropylene
rolytetrafluorethylene ("teflon")
Acrylic polymers ("perspex", "orlon")
The first polymer material used for moulding was 
probably "celluloid" originally discovered by 
Alexander Parkes in Birmingham in 1865. He prepared a 
horn-like material, which he called "Xylonite", front
nitrocellulose, an alcohol and camphor. In 1870 J. W. and
J. S. Hyatt patented in America a commercial process for; 
the production of a material called "celluloid" from the
same starting materials. The discovery of the polymerization
-5-
of casein with formaldehyde in 1897 created one of the early 
plastics.
It is probably the relatively extensive usage of 
"Bakelite" during the 1920 ! s which marks the first mile- 
stone in synthetic polymer technology. Professor A. von . 
Baeyer originally prepared the artificial resin from phenol 
and formaldehyde in 1872, but it was in 1908 that a 
process for its commercial use was developed by 
L. H. Baekeland. However, the early production of
polymeric materials was entirely empirical and only more 
recently have intensive fundamental studies been under- 
taken. In fact it was not until 1920 that Staudinger first 
proposed the concept of polymers.
By the time of the 1939 -1945 war ther value of 
synthetic polymers had been realised and commercial interest;
c
aroused to the development of these new materials which in 
several cases became intensified by the demands of the war
effort. Many of the contemporary synthetic fibres were
« ^ 
discovered about this time. In 1935 W. H. Carothers
synthesised "nylon" from adipic acid and hexamethylene 
diamine. "Rayon" was produced from cellulose by the 
viscose process of C. F. Cross and E^ J. Bevan* In 194-6 
J. R. whinfield produced "terylene" ("dacron") by the 
combination of terephthalic acid and ethylene glycol.
Often new materials found great demand during the war 
period, in many cases as alternative replacements to ones 
which had become unobtainable. Reactions of butadiene and 
styrene discovered in the nineteen hundreds were developed
-6- .
to produce a synthetic rubber. "Perspex," polymethyl- 
methacrylate, was in demand for use as the glazing 
material in aeroplanes. Techniques such as injection 
moulding first introduced in the nineteen thirties with 
cellulose plastics were adapted to cope.with new synthetic 
materials. During the late nineteen thirties and early 
forties new polymers, such as polystyrene, polyvinyl  
chloride and polyethylene, appeared, the latter being 
almost entirely absorbed in production of the newly 
developed radar equipment. 
The historical development of polyethylene
The first recorded instance of polyethylene is probably 
by Pechmann in 1898 when he tentatively identified the 
recrystallized product of the reaction of diazomethajie in
ether as polymethylene* Further use was later made of this
p 
synthetic route by Buckley, Cross and Ray who added a
copper catalyst to prepare polymethylene, polyethylidena 
and polypropylidene, subsequently found to have molecular
weights between 200 and 14,000. During the nineteen
 5
twenties polyethylene was prepared by several methods^'
but none attracted commercial interest because of the high 
cost involved»
In the early nineteen thirties the advance of high 
pressure reaction techniques made it possible to produce, 
pressures of 3,000 atmospheres (304 l Tm~2 ), and in 1934 
Fawcett and Gibson reported successful polymerizations
-7-
of various monomers under high pressure. However, it was 
not until December 1935 when eight grammes of the 
polyethylene were produced in small scale apparatus that
Imperial Chemical Industries Ltd. decided to proceed with, 
the development of the material which resulted in a patent^
on the process in 1937 and the construction of a continuous 
pilot plant. In 1942 the I.C.I, process went into full 
scale production and the following year manufacture under 
licence was started in America.
The next important milestone in the history of the 
material was the development of low pressure synthesis 
processes. The first of these, discovered by K. Ziegler6 
in 1954, uses a catalyst precipitated by the reaction of 
transition metal salts and metal alkyls. This was followed in. 
1955 by the discovery of another new low pressure process
 7
by the Phillips Petroleum Company1 using preformed catalysts 
of transition metal oxides on supports of high surface area 
e.g. silica. One of the important findings resulting from 
the discovery of low pressure catalysts was that the polymer1 
produced was essentially a linear chain material in. 
comparison to that produced by the high pressure processes 
which was highly branched.
Another important result was the ability of such 
catalysts to regulate the stereochemistry of higher 
oc-olefin polymers which enabled the synthesis of highly 
isotactic polypropylene. This polymer in contrast to its 
atactic counterpart is a useful and saleable material.
-8-
GHAPTER I 
POLYETHYLENE ; ITS PREPARATION AND PROPERTIES
The three basic methods of polyethylene synthesis 
previously mentioned are still the contemporary industrial 
techniques. These methods are the high pressure radical . 
polymerization and the low pressure catalytic processes 
using either "Ziegler" or "Phillips" type catalysts. 
Characteristics of typical material from the three 
processes are shown in Table 2. The notable differences 
in the properties of materials from the three processes 
are principally due to changes, in the linearity, molecular 
weight and molecular weight distribution of the polymer
-\
molecules.. However, in all three processes the polymer in- 
formed by addition polymerization; the monomer: units being 
joined by reaction involving the carbon-carbon double bonds 
in the ethylene molecules. 
High pressure-low density -polyethylene
There has been a dramatic increase in the consumption.
«£
of polyethylene since the original 455 tons per annum 
I.C.I, plant was constructed.. The current market is
o
estimated at 2 million tons per annum and the material
finds extensive use for films, moulded goods, tubing and 
in electrical insulation applications. However, the
synthetic process for low density polyethylene has not 
basically altered, the plant employed being shown 
schematically in Figure 1.
In the original I.C.I, process 5 high purity (99. 
ethylene monomer is compressed to the polymerization
Continued on page 10 at end of Table 2.
Figure 1.
The high pressure method for poljethylene-manufacture as used
in the I.C.I, type processes.
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gable 2
Characteristics of typical polyethylene made
"by three methods of industrial synthesis 
Property Polyethylene material
High pressure Low Pressure
low density high dsnsity
e»g. Union Siegler type Phillips type.
~ \.* ^TTT e »S? Super" e.g. harlex 50Carbide
R1
Density 0.92 ' 0.95 0.96 
gm . cm"
fo Crystal- 65 85 95 
Unity
Crystallite 19 36 39 
size, nm.
Melting 112 130 135 
point,
Tensile 14 25 30 
strength,
MNm *
Elongation, fo 500 100 30
Impact strength >16 4 3 
Izod test, 
ft.rb/in. notch
Hardness, 50 65 70 
Shore D
Unsaturation 0.6 0.7 1.5 
(Double bonds 
per lOOOc)
^ Distribution:
Vinyl 15 43 94
Trans -, 17 25 5 
R   CH=
Vinylidene 68 32 1
CONTD .
Property
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Polyethylene material
High pressure Low pressure 
low density high density
Ziegler type Phillips type
e.g. Marlex 50
e.g. Union
Carbide DYHH e.g. Super.
Dylan
Short chain 
branching: 
(groups per 
1000C)
Distribution: 
(gps/lOOOC)
Terminal methyl 
Branch methyl 
Branch ethyl
21.5
4.6 
(2.5)
(-2) «U5)
<114.4 H 
( )   Values are assumed.
Most of the data is reproduced from work presented by 
R. V. Jones and P. J. Boeke, Ind. Eng. Chem., 48, 1155, 
(1956). D. C. Smith, Ind. Eng. Ghem.. 48, 1161, (1956).
o
pressure of 150 MNm (1,500 Atmospheres) and passed into-
a reactor at a temperature of about 200°C. The- radical 
polymerization is initiated by the addition of a controlled 
quantity of oxygen to the reactor. Reaction occurs to the 
extent of 15   25$ conversion before the pressure of the 
reaction mixture is reduced in a series of separators. 
The unreacted ethylene is recovered from these and 
recycled whilst the molten polymer is finally extruded and 
made into beads which form the crude product. Further 
processing may blend in additives and pigments as necessary,
-11-
The reactor used must be constructed to efficiently 
deal with the relatively high heat of polymerization* 
Normally a continuous process is used and the plant 
consists either of a fine tubular system cooled by water 
circulation or a tower autoclave in which heat is 
dissipated by the addition of a liquid such as water to 
the monomer feedstock which may be dissolved in benzene 
or chlorobenzene. Batch polymerizations are unsuitable 
for the high pressure technique as good control requires 
uneconomically long reaction times and at high conversion- 
chain branching becomes excessive, producing material of 
poor physical properties. Initiator and the other 
reagents may be added to the monomer at several stages 
throughout the reaction to maintain concentrations* 
Alternative initiators to oxygen have also been employedN 
to extend the range of material produced* In many cases 
the use of specially active initiators and chain transfer: 
agents can give lower operating temperatures which often 
combined with higher pressures result in a more linearproduct
The macromolecules produced by high pressure process 
tend to have side chains because it is a radical reaction. 
The side chains are normally a few carbon atoms in length 
but can occur up to five times for each 10CL carbon atoms 
of the main chain. The result is that high pressure 
processes produce a material of low crystallinity (50 - 60$) 
as the branches tend to hinder the formation of 
crystallites and spherulites 0 It is generally found that
-12-
the greater the linearity of the chains the higher the 
ratio of crystalline regions to amorphous ones, "becomes. 
The density and many of the physical properties of the 
material have been shown to be closely related to the -
  '
measured crystallinity.
Low pressure - high density polyethylene
.
The market for high density polyethylene has grown   
alongside that for the low density material since the 
discovery of the low pressure processes in the mid-nineteen 
fifties, and output in 1971 reached about 900,000 tons per
o
annum mostly consumed in the form of moulded articles-. 
The catalysts used for these processes fall broadly into 
two groups. The "Phillips" type catalysts are preformed 
catalysts.of transition metal oxides on a high surface 
area support material and the "Ziegler" type catalysts, are 
the reaction product of the combination of transition-^ 
metal salts and metal alkyls. The reaction techniques 
generally employed with these catalysts are fundamentally 
similar using a hydrocarbon solvent in which the ethylene 
gas dissolves and which acts as diluent for suspending 
the catalyst material. The basic difference between the 
two methods is the physical state of the polymer product. 
In the one case it is prepared as a molten solution in 
the hydrocarbon and in the second it precipitates as it 
is produced to form a slurry suspended in the hydrocarbon. 
The solution polymerization system can be used with 
Phillips type processes where the higher temperature and
-13-
pressure conditions are suitable but the 'Ziegler" systems 
are confined to the slurry process which operates at 
lower temperatures and pressures. 
Phillips type catalyst systems
The Phillips type processes are used particularly in 
the United States for high density polyethylene synthesis.
The catalyst originally devised by the Phillips Petroleum
7Company' consists of about 5^ Chromium Oxides (principally
CrCU) on a high surface area silica-alumina (75 ~ 90^ 
silica) support. It'is prepared by impregnating the 
support with an aqueous solution of a soluble chromium 
compound such as chromic anhydride or chromium nitrate 
which when filtered and dried is activated byfluidizing 
it with air for several hours at 525°C. During activation, 
the chromium ions are maintained as or converted into,the 
Chromium VI state which is stabilized by the support- 
material.
The Phillips catalyst can be used with several 
polymerization techniques including fixed bed, moving bed, 
fluid bed and slurry processes but the latter two are the 
most popular. Currently in most widespread use is probably 
the slurry technique which is also used for z.iegler systems 
and will be outlined when these are discussed later (see
Figure 3). The alternative process generally used for 
Phillips catalysts is the solution process. The process,
schematically shown in Figure 2, also uses a hydrocarbon 
diluent for heat transfer in order to control the reaction 
temperature. In this method a good solvent for the polymer
Figure 2,
The low pressure solution polymerization method for polyethylene 
manufacture as used in the Phillips type processes.
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is used at operating temperatures of 125° ~ 175°C. and 
usually at a pressure of 2.5 - 3.0 MNnT2 (25-30 atmospheres) 
The process differs little from the slurry technique with 
the exception of the treatment of the crude product. This 
is separated from excess monomer which is-recycled, then 
after dilution the catalyst is removed (if necessary "by 
filtration). Solvent is removed either by flashing it off 
with steam or filtering it off after precipitation of the 
polymer by cooling. The crude resin is extruded into beads 
as in the high pressure process.
Alternative catalysts of this type have been prepared 
by the Standard Oil Company of. Indiana , over some years
Q
using supported transition metal oxides . The main difference 
is that these catalysts can be used with a promoter 
namely an alkali or alkaline earth metal or metal hydride* 
The catalyst is prepared in a fashion similar to that for 
the Phillips 1 catalyst by supporting reduced molybdenum- 
oxide or cobalt molybdate on supports of alumina, titania 
or zirconia. The promoter is generally present at about
c
0.1 - 0.5 weight per cent,of catalyst. Many alkali and 
alkaline earth metals, metal hydrides, aluminohydrides 
borohydrides and metal carbides have been successfully used 
as promoters . The solution polymerization, technique is 
employed with these catalysts which require temperatures
r\
of about 230°C. at a pressure of 7*1 HtTm"^ (70 atmospheres).
The high density polyethylene material produced by 
Phillips type catalysts differs only marginally in properties 
from that produced by Ziegler type processes.
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Ziegler type catalyst systems
The Ziegler catalyst systems have been widely developed 
and used in the European countries, i-he discovery of this 
type of catalyst is credited to Professor K. Ziegler6 and 
his research school at the Max Planck Institute, Mulheiin. 
However, in earlier work N. Fischer11 refers to ethylene 
polymerization by a catalyst mixture of a similar nature 
(aluminium, aluminium chloride, and titanium tetrachlorldej 
and several British and U.S. patents which stem from the 
investigations in 1949 of Roedel ,.Pease et al of the 
Du Pont uompany also cite combinations of this type. In 
the middle nineteen fifties, after the Ziegler discovery, 
intensive work was carried out concurrently by K. Ziegler
*
and Professor G. ITatta of the Polytechnic Institute of 
Milan. The latter investigated the capacity of this type
of catalyst for steric control of the propagation sequence
13 involved in the polymerization of higher <*-olefins
especially with respect to the preparation of "isotactic" 
polypropylene ^ on the laboratory and commercial scales. ( 
The Ziegler systems were later extended to other monomers 
including conjugated * and non-conjugated di-olefins and 
to copolymers using mixed monomer feeds.
A Ziegler catalyst is; usually formed by bringing 
together in an inert atmosphere a transition metal compound 
in which the transition metal is in a valency state below 
its normal maximum (e.g. titanium (III) chloride, vanadium 
(III) chloride) and an organometallic compound
-16-.
(e.g. aluminium tri ethyl, aluminium diethyl chloride;   The 
former is normally obtained previously by reduction of a 
corresponding compound from its normal valency state and 
is generally thought to be the true catalyst compound. The 
method of reduction is extremely important, often being 
the most. 'important single factor in deciding the activity 
of the catalyst. The latter acts principally as an 
activator, alkylating the catalytic surface, and also as. a 
scavenger for minor traces of any catalyst poisons.
Ziegler polymerization of ethylene is currently carried 
out using a slurry of titanium (ill) chloride preformed by 
reduction using an aluminium trialkyl or aluminium dialkyl 
halide vus/ually R=Ethyl). The efficiency of the catalyst 
varies with the nature of the catalyst particles and for 
this: reason care is especially taken over the conditions 
under which reduction takes place and elaborate techniques 
have been developed to achieve optimum results. Such 
reductions produce the /^crystal modification of titanium 
^III) chloride, when carried out below 70°0. . Although
/
this is an active catalyst for oc-olefin polymerization. 
enhanced properties of stereoregulation,. particularly in 
the isotactic polymerization of propylene, are conferred 
when it is converted to the  ^modification v/hich can be
achieved by heating above 150°0* 17 ' 18 . The titanium 
catalyst is" used for polymerization by a slurry process 
in conjunction with a co-catalyst (normally further 
aluminium trialkyl or aluminium didkylchloride) . A recent
-17-
innovation in the field has been made by Solvay et Cie 
(Brussels) who have achieved increased activity by 
supporting their transition metal catalyst on a carrier 
material. They contend that this gives .a capability of 
600 Kgm of polymer per gnu of catalyst»
The slurry process for the polymerization of ethylene 
which is carried out at 0.1 - 1.0 MNnT2 (1 - 10 atmospheres) 
pressure for Ziegler systems is illustrated by Figure 3. 
When this process is used with the Phillips type catalyst 
the pressure is typically 2.5 - 3.0 MiJm~2 (25-30 
atmospheres) and the reaction temperature about 80°   100°C.
The catalyst is generally suspended in a monomer, solvent 
chosen to be a poor solvent for the polymer and the
reaction conditions of less than 100°G. (normally 50° - 
80°C.) with Ziegler catalysts ensure that the polymer 
solubility remains low. During polymerization the polymer 
is formed as a solid on the catalyst particles and creates 
a thick slurry of the material in the hydrocarbon diluent. 
Excess monomer is recycled from the reaction product which 
is recovered by filtration or flashing off the solvent with 
steam. .The polymer powder can then be dried and may be 
melted for extrusion into beads as with the alternative 
systems , if required. Ziegler polymers containing a high 
proportion of catalyst may also require steps to deactivate 
the catalyst with alcohol or water. In such cases it may 
also be necessary to wash out catalyst residues (de-ash) 
and neutralise the powder before it is dried. On an
~£
cx>
«»A, r- ^"^ 
O ^< si.
— •
«. _j
oV, Y
tesiv
Figure
«)rc.
I————*
i\
The low pressure slurry polymerization method for polyethylene 
manufacture as used in both Ziegler and Phillips type processes.
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industrial scale the process is usually operated 
continuously as this eliminates a major batch process 
limitation which is .that ultimately the slurry becomes 
difficult to agitate and to transfer heat through. Also, 
for the same reason, mass transfer of monomer to catalysts 
becomes severely hindered.
The high density material produced by either -of the 
low pressure processes has marked differences from the 
low density product, especially in its physical properties, 
due to its higher crystallinity; high density (0.94 - 
0.96 gm/cm3) polyethylene has a spherulitic structure which 
confers a crystallinity of 85 - 95# compared with 40 - 70$ 
for low density material. This is due to an increase in 
the size of crystallites from less than 20 nm. to 30 - 
40 nm. 9 . The higher crystallinity is thus responsible, 
for imparting the higher density and also confers other 
favourable physical properties, e.g. better rigidity, 
superior hardness, greater tensile strength, and higher 
melting point.
The application of ultra-high molecular weight 
•polyethylene in surgical prostheses
The applied objective of this research was to improve 
upon the physical properties of the type of ultra-high 
molecular weight polyethylene used for surgical implants, 
in particular for replacement hip-joints. Initially it 
was thought that these improvements might be achieved in 
two major ways:
(a) by improving the physical properties 
of the polymer through an increase in 
the molecular weight.
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(b) by lowering the content of catalyst 
residue as a result of using a very 
active catalyst, and taking meticulous 
precautions against extraneous • 
impurities. 
Use of polyethylene in hip prostheses
In recent years considerable development of internal 
prosthetic devices has occurred, culminating in the total 
replacement of diseased joints with prostheses using metal/ 
metal,' metal/polymer?^» ^2 or polymer/polymer bearing 
surfaces. Pew polymers prove suitable in the long term 
for orthopaedic implant purposes, but high molecular weight 
high density polyethylene is one of the most successful2 , 
as a result of its chemical and physical stability in the 
biological.- environment.
The mechanical properties of polyethylene, however^ 
limit its application to components not subject to severe 
bending stresses. In a hip .prosthesis (see Figure 4) 
the intermittent load on the femoral components may / 
occasionally reach 500 Kgf22 and is typically 100 Kgf for 
approximately one to two and a half million times in the 
course of a year. Therefore, these metal/polymer 
prostheses generally use polyethylene only in the 
acetabular component, where it is subject only to 
compressive loads, and austenitic stainless steel for the 
femoral component where high bending loads are sustained. 
Such prostheses have a low coefficient of friction which 
is important in helping to minimize the risk of the
Figure 4«
Right femur 
Anterior aspect
Pelvis 
Profile view
Head of 
femur
Acetabulum
A section through the hip joint.
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Pad of
Head of femur
Ligaments
Pelvis
Bone
Femur
A) The hip joint.
Figure 4*
CHARNLEY FCMORAL PROSTHESIS.
STANDARD. 22.25mm. dia. (V) with double radii 
neck, stainless steel. *
Large
t CHARNLEY ACETABULAR CUP, high density
polyethylene, LARGE SIZE, with stainless steel*
radiopaque marker and
wire mesh Cement Restrictor, stainless steel.*
(STERILE)
* EN58J Stainless Steel to British Standard Speci­ 
fication, 3531: Part 1: 1968.
t' Sterilised by gamma radiation at 2.5 M. Rads.
The Charnley hip proatlnaia manufactured by 
Chaa.F.Thackray Ltd. Laoda.
B) The b.ip prostheaia.
Figure 4.
••4
I
C) A radiograph illustrating the use of the hip prosthesis,
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components loosening and also to give smooth performance. 
Typically, the alternative metal/metal prostheses have a 
coefficient of friction about four times 2 ?,greater than those 
using polyethylene*
The major drawback experienced with' this type of 
prostheses is that the wear rate of the polyethylene 
component precludes its general use in cases where a long 
life-time (i.e. in excess of about 25 years) is expected. 
It is hoped that this property will be improved in the 
higher molecular weight material which has been produced 
by this research. There is evidence 2^ to suggest that 
the dry wear resistance of plastic bearings is improved as 
the molecular weight of the plastic material increases. 
This property is shown in Figure 5, which is reproduced 
from work2^ by G. C. Pratt of Glacier Metal Co. 
The mechanism of Ziegler catalysis1 -
Ziegler catalysts are immensely complicated systems
/
and even considerable recent developments do not conclusively 
and fully explain the mechanism(s) by which they operate. 
However, many of the aspects of the mechanism can be 
described as a result of recent investigations, and be 
applied effectively for both heterogeneous and homogeneous 
Ziegler-type catalysts.
The various theories are generally found to fall into 
two major groups, bimetallic and mono-metallic mechanisms. 
The former group of theories is that in which the presence 
of two metals in the catalyst combination is essential. 
The latter group is that in which only one metal (the
Figure
Wear of polyethylene after 64 hours under a 7*26 kg. 
load at 2.06 m.sec" • .
10
10 100 1000
Qae. ccju\zv. o 
The effect of molecular weight on the wear rate of polyethylene.
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transition metal; is necessary for polymer growth, but a 
second can be present solely acting as a useful promoter. 
In the case of bimetallic mechanisms the propagation step 
employs two metal atoms which may be the same or different 
elements, whereas a monometallic mechanism involves growth 
about only one metal centre. 
Bimetallic theories
The earlier theories proposed for highly reactive 
catalyst combinations (e.g. AlEtyTiOU) were usually 
bimetallic and involved active initiation sites employing 
a bimetallic complex. One of the most cogent of these 
mechanisms was proposed by Natta ^ (see Figure 6) and 
requires two different metal atoms. The complexes involved 
are located on the surface of the solid catalyst component 
(e.g. TiCl,). The mechanism as, shown is a sequence of 
insertion reactions in which the driving force for the 
propagation is the electron deficiency of the complex. The 
monomer co-ordinates with a titanium atom whilst the 
titanium-polymer bond is broken; the monomer then associates 
with an aluminium atom which in the Natta model takes place 
fey polarization of the olefinic jfrbond followed by insertion, 
into the aluminium-carbon bond. Various models 2 ^ on this 
theme have been evolved and conform to certain aspects of 
the experimental evidence quoted in their support.
A number of radical mechanisms 2 ^ proposed qualify as 
bimetallic theories. In these polymerization occurs 
through initiation by a transfer of an electron from an 
an alkyl radical, transition metal atom or aluminium metal
Figure 6.
• >U— CHX-P+ CH=CHX•
N
,CHrCHX-P
Bimetallic meohanism proposed by Natta utilising 
polymer-bridged structures.
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atom to the monomer. Currently evidence can be presented 
against this type of mechanism26 and it has fallen into 
disfavour* 
Monometallic theories
_ »'
This second group of theories is favoured by a greater 
weight of opinion and an increasing amount of the recent 
evidence s.upports this type of mechanism. The first such
proposals were made as early as 1956 by Nenitzescu ^, but
28it was the work of Carol and Uarrick which presented the
first experimental evidence to support this mechanism. 
Cosseeb further developed this model of the polymerization.
on
mechanism^ and described the olefin co-ordination using
•ZQ
a molecular orbital treatment^ »
In the monometallic mechanisms the active site is a, 
transition metal atom (e.g. titanium) and a second metal 
atom (e.g., aluminium) is not directly involved. In such 
cases, the second catalyst component (e.g. aluminium 
triethyl) alkylates the reduced transition metal compound 
(e.g. titanium (III) chloride), forming an active catalyst 
species (e.g. Ti-Et). Experimental determination of 
several important polymerization parameters (e.g. Copolymer- 
ization reactivity rations; propagation rate' constant^ in. 
the presence and absence of metal alkyls.) support these 
mechanisms in that they can be related to the properties 
of the transition metal used but not to the other metal
present.
The basic monometallic mechanism originally described 
by Cossee is given in Figure 7a. The following Figures
Figure
A) Mechanism for the propagation step as proposed by Cossee,
•O
ALKVL
B) One layer of the crystal structure of <x-TiCl^ showing 
the Ti-alkyl bond and the chlorine vacancy forming the 
"active" centre in the surface.
R
C) The configuration supposed to be the active centre in 
a Ziegler catalyst. ( M = transition metal ion, R = alkyl 
groupfgrowing polymer ohain), £j-XA =» anions.)
Diagrams illustrating the Cossee mechanism (I).
Figure ?•
- ANTI80NDING - f
C2H4-90NDIN5-1
D) A schematic picture showing the spatial arrangement 
of the relevant orbitals in a JO-bond between a 
transition metal and ethylene.
METAL-3dV-
\ ^x *> ETHYLENE-TT*
\vv\
ETHYLENE-TT
\
j FILLED qj, j —————— |
E) The molecular orbital energy diagram for the octahedral 
complex R Ti Cl (C H ).(Por reasons of simplicity 4s 
and 4p orbitals are not taken into account and the Ti-Cl 
bond is supposed to be 100^ ionio.)
X——M---+C2H4——X—— M——
CH CH
/CHg
F) The complete mechanism sequence proposed by Cossee*
Diagrams illustrating the Cossee mechanism (II).
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show:
7b and 7c - the configuration at the active
centre, 
7d and 7e - the monomer co-ordination and
molecular orbital diagram, 
7f — the steps involved in the mechanism
sequence.
Figure 8 shows the basic features of a modified mechanism 
recently proposed by Boor50 in a unified model extending 
the earlier concepts to the general case.
The Cossee model proposes an active centre consisting 
of an essentially octahedrally co-ordinated transition
element with empty or nearly empty t2g orbitals having
in its co-ordination sphere one alkyl group and one vacant 
octahedral position which must be positionedcis to one 
another. The monomer can then co-ordinate in the vacant 
position through a "p-rc - d-rc ,bond" (See Figures 7d and e), 
This co-ordination step can be expected to make the 
transition metal-carbon bond labile and therefore
t
facilitate the mechanism shown in Figure 7a and f .
The Boor32 model involves two configurations of the 
active centre (shown as I and II in Figure 8). The 
particular structure employed depends upon the solubility 
of the final catalyst material. In heterogeneous systems
:
Eoor believes the active centre to be exclusively as in 
structure 1 but that structure II may be found in homo­ 
geneous systems. The propagation involving the former 
type of active centre is also shown in Figure 8 as 
separate co-ordination and insertion steps.
Figure 8.
/^c.-tive Z-i vA
A) A general scheme for the preparation of Ziegler type
catalysts.
R
ci
Cl 
I
Mt is,
MT is
D *
R
.M.——C(
Cl
II
^.
.o
i i
R \S ve ^.» C^TOUD c-t-Vje^ v^m V>^ cv,e.Q oc.v.
B) The structures proposed by Boor for the "active" centre
in Ziegler catalysts.
C) The mechanism sequence proposed by Boor for the
propagation step.
Diagrams illustrating the Boor model.
-24-
slum reduced catalysts
The Ziegler catalyst used for the polyethylene 
preparation in the present work is preformed titanium (ill) 
chloride, activated by an aluminium trialkyl. This 
differs from conventional catalysts in that the titanium 
(III) chloride is prepared by reduction of titanium (IV). 
chloride by an organo-magnesium compound in place of the 
more usual organo-aluminium reducing agents. This type of 
catalyst system has been developed by the Shell Research 
Company Limited^ and has been used with permission.
-25- 
CHAPTER 2
mTHE POLYMERIZATION OF ETHYLEITE 
The polymerizations were carried out as^batch process 
using a conventional hydrocarbon diluent technique, and a
pure ethylene monomer feed, under either atmospheric
—2
pressure or moderately elevated pressures (0-2 - 1.0 llNm
gauge)* An outline of the procedure is given by the 
schematic representation shown in Figure 9. 
Materials
The materials used in this work are outlined below:- 
Ethylene
Polymerization grade ethylene monomer was obtained 
from British Oxygen Co., ltd., Special Gases Division with, 
the following specification.
Ethylene (fo volume) 99.85 minimum- 
Hydrogen (ppm) 100 maximum 
Oxygen (ppm) 5 maximum 
Carbon monoxide \ppm) 20 maximum 
Other oxygenated compounds (ppm) 10 maximum 
\7ater dew point <-40°C.. at Atmospheric Pressure 
The gas as supplied was purified as described later in the 
text.
Nitrogen
"V/hite Spot" grade (oxygen-free) Nitrogen was obtained 
from British Oxygen Co., Ltd. This was purified as: 
described later in the text.
Figure 9*
The experimental scheme for the preparation of high 
molecular weight polyethylene using a magnesium reduced catalyst.
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Iso-octane (2,2,4-trime-thyl-pentane).
Iso-octane 1,99$ pure) was obtained commercially, and 
was distilled before use as outlined later in the text.
Aluminium alkylg
ethyl 
Aluminium triethyl and aluminium di^bhloride were
obtained from Schering A.G-., with a specified purity of 
not <90$ by decomposition gas analysis. These were used 
as supplied or as solutions in pure dry iso-octane (see. 
above). Aluminium diethyl chloride was prepared by 
reaction of a 1:1 molar ratio of the above reagents. ;
n-Alkyl halides
n-Dodecyl bromide (B.D.H. Ltd.) was used as supplied.
n-Octyl bromide was prepared from n-octanol using the •7 *
potassium bromide and concentrated sulphuric acid route .
Ethers
In catalyst preparations involving etherated G-rignard 
reagents tetrahydrofuran was used. This was distilled 
from lithium aluminium hydride.immediately before use.
Titanium tetrachloride
i
Titanium tetrachloride ^B.D.H. Ltd.) was used as 
supplied.
Dekalin (dekahydronaphthalene)
Dekalin was employed as the solvent for viscometry 
determinations. The commercial material was used, after 
distillation from molten sodium metal, and the addition 
of 0.1$ lonol as antioxidant. Dekalin used in catalyst 
preparations contained no antioxidant and was further 
dried by standing ovBr molecular sieves. 
Other reagents
Lithium aluminium hydride, potassium and sodium metals
-27- 
were used as supplied. -
B.A.S.F. Catalyst R3-11 was obtained from Badische
Anilin & Soda jrabrik A.G. and the 5 x 3 mm. pellet form
used*
Linde molecular sieve type 4A was obtained from
British Drug Houses Ltd. and the 1/8" pellet form used.
"lonol" was obtained from Shell Chemical Co., ltd.
Purification of materials 
Iso-octane
The iso-octane was distilled from a drying agent 
under a blanket of nitrogen in order to minimise traces of 
water and oxygen present (as shown in the apparatus 
diagrams Figure 10 and Figure 12). The diluent was added 
to the distillation flask containing the drying agent at 
least fifteen hours before it was required, and maintained 
at about 80°C. for this period whilst being purged with, 
dry nitrogen gas, until immediately before use when it was 
distilled off into the feed reservoir, the first 10$£ being 
rejected.
The drying agent; used for purification was lithium 
aluminium hydride powder in the atmospheric pressure 
experiments. In the super-atmospheric pressure experiments 
more accurately reproducible results were obtained by the 
use of molten sodium-potassium alloy stirred into a 
suspension as the drying agent. A drying column containing 
Linde (type 4A) molecular sieve was also inserted 
immediately prior to the reaction vessel to obtain the 
minimum level of water impurity.
-28- 
Used diluent was recovered by steam distillation from
the crude polymerization product, and subsequently dried 
over magnesium sulphate before fractional distillation 
from lithium aluminium hydride. 
Ethylene
The ethylene gas was purified by the system shown in 
the apparatus diagrams Figure 10 and Figurel2. It consisted 
of a scrubbing tower containing an activated copper 
catalyst, B.A.S.F. catalyst R3-11, maintained at 140°C. 
which removes traces of oxygen, chlorine and sulphur: 
compounds present in the gas stream followed by a drying 
tower containing.Linde (type 4A) molecular sieve pellets 
at room temperature. 
Nitrogen
Nitrogen gas was purified by the same type of system 
as employed for ethylene (see above). 
Preparation of catalyst components
The catalyst chiefly employed in this work was of the 
magnesium reduced titanium (III) chloride type but an 
aluminium reduced catalyst similar to the *V-titaniunf chloride 
types currently used commercially was prepared for 
comparative experiments. 
Magnesium reduced catalyst
The catalyst components used in this case were 
aluminium triethyl and preformed titanium (ill) chloride 
prepared by reducing titanium (IV) chloride with a 
Grignard reagent. The aluminium alkyl was added directly 
to the polymerization reactor, either as supplied or in a 
diluted form. Dilution was carried out using purified
-29- 
iso-octane in an atmosphere of nitrogen.
The alkyl magnesium halide may-be one of two types. 
The first is a Grignard reagent prepared by reaction in a 
non-solvating solvent (e.g. a hydrocarbon) and the second 
is prepared by the more usual method, producing an
•7C
etherated organomagnesium halide . The latter type has 
been more extensively employed in the cxirrent work. The 
former ether-free G-rignard reagents were prepared by the
•z r
technique of Zakharkin et al^ in which the magnesium and 
alkyl halide react in iso-octane yielding a slurry of the
desired Grignard reagent partially in solution and partially 
as undissolved solid. When this technique is used with
higher alkyl compounds (>Cg) the addition of further 
solvent and refluxing of the mixture are necessary to 
adequately dissolve the product. A modified form of the 
conventional Grignard reagent synthesis was used for the 
preparation of etherated. alkyl magnesium halides. The 
technique for the preparation of the alkyl magnesium halides 
used for catalyst reduction is given below. 
Preparation of GricTnard reagents
This preparative technique is suitable for any alkyl
magnesium halide Grignard reagent'; the dodecyl magnesium 
bromide used in this work is given as an example. The 
Grignard reagent was prepared in apparatus consisting of 
a 500 cm^ three necked flask maintained at a uniform 
temperature in an oil bath heated on a hot-plate. The 
flask was fitted with a mechanical stirrer, a nitrogen 
inlet sup-olied with purified nitrogen, a double surface 
condenser outlet, fitted with a white oil bubbler, and a 
tap funnel.
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The apparatus was oven dried at 140°C. for twenty- 
four hours before assembly and then flushed out with 
nitrogen prior to the addition of 6.8 gins. ^0.28 moles; 
of magnesium powder to the flask. The magnesium was dried 
in situ by stirring at 110°C. - 130°C. for about ninety 
minutes whilst pass-ing a continuous stream of nitrogen. 
The apparatus was then cooled to 50°C. - 60°C. and a few 
drops of neat alkyl halide added from the tap funnel to 
the stirred magnesium in the flask. The flask was heated 
in the oil bath at this stage until reaction began as . 
indicated by the appearance of white fumes in the flask* 
Further alkyl halide was added slowly over a period of 
about thirty minutes to maintain a smooth reaction at the 
temperature of initiation until all the dodecyl bromide, 
59.9 cm^ (0.25 moles) had been added. If the reaction is 
vigorous, the alkyl halide may be diluted with purified 
iso-octane to control the rate of reflux (e.g. 45 cm^ .for 
the dodecyl case).
If the reaction is slcwlthen additional heating from 
the oil bath may be required. In extreme, cases where 
initiation proves difficult, catalytic amounts of an 
alcohol (e.g. 1$ molar ethanol) may be added as outlined 
by Bryce-Smith^' in order to facilitate reaction. After 
completing the addition, heating v/as continued for a 
further two hours. At this point more solvent was 
normally added and the mixture refluxed for an additional 
two hours to achieve adequate dissolution. In the case 
of the dodecyl magnesium bromide this was a dilution to
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approximately one molar by the addition of 150 cm5 of 
iso-octane. On cooling, the mixture separated out into 
two or three layers. The uppermost clear solution could, 
with care, be used directly for catalyst preparation (see 
below) or if necessary filtered or decanted. The residual 
material consisted of a lower layer of unreacted magnesium 
and, if present, the middle layer was a slurry of the 
insoluble solid Grignard reagent.
The above technique produced an ether-free Grignard 
reagent; the alternative method which was mainly used ' 
differed as follows: Where an etherated Grignard reagent 
was to be prepared, after the initial drops of alkyl halide 
had been added, the remainder was added as a solution 
dissolved in the ether (e.g. 20.4 cm5 (0.25 moles) of
tetrahydrofuran in the dodecyl magnesium bromide case)*
iso-octane 
This may be diluted with/if necessary to regulate the
reaction (e.g. 25 cm3 for dodecyl magnesium bromide), as 
indicated previously'for the ether-free technique.
The strength of the Grignard solutions was- estimated
3 •* as follows. A 5 cm portion was reacted with 10 CDP of
molar hydrochloric acid. The mixture was heated gently 
to ensure complete reaction and a little ethanol added to 
ensure solubility. The molarity was determined by titration 
against molar sodium hydroxide solution using phenolphthalein 
indicator.
Preparation of the titaniunjI_I l) chloride 
cataTyst componenT "
The titanium (III) chloride catalyst slurry was 
prepared in apparatus consisting or a 500 cm^ three-necked
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flask equipped with a magnetic stirrer bar and placed in 
a constant temperature bath* The flask was fitted with a 
tap funnel, a nitrogen inlet and a white oil outlet bubbler 
providing a blanket of pure nitrogen within the flask. 
A solution containing 6.4 millimoles of the
•z
n-dodecyl magnesium bromide together with 54 cnr of iso- 
octane was added to the nitrogen filled flask; all the 
glassware having been previously dried overnight, at 
140°C. before assembly. 4.0 millimoles (90 cur of a 
45 millimolar solution in iso-octane) of titanium tetra- 
chloride were added slowly from the tap funnel to the
• >
vigorously stirred Grignard solution over a period of 
thirty minutes. In this work the reduction has been 
carried out at room temperature but other workers report 
enhanced catalytic properties following reduction at a 
temperature between -50° and -60°C.^. Under all conditions 
stirring was carried out for not less than three hours 
after addition was complete. It was found preferable to 
leave the mixture stirring overnight to ensure the reaction
£. 
•
had reached completion. The slurry was diluted by the
•z
addition of a further 240 cnr of iso-octane and the
titanium concentration determined before use by the follow­ 
ing method.
A 5 cm^ sample of the catalyst slurry was syringed into 
a 250 cnr Buchner flask and the mixture evaporated to 
dryness under a water pump vacuum over a hot oil bath.
When the flask had cooled 8 gms. of ammonium sulphate and 
20 cm3 of concentrated suphuric acid were added and the
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mixture dissolved by gently wanning. The flask was then
cooled again before 120 cm^ of distilled water were care­ 
fully added, followed by 20 cm* of concentrated hydro­ 
chloric acid. The mixture was boiled then cooled prior 
to the addition of 2gms. of aluminium foil which was 
allowed to react. As the effervescence subsided the flask 
was provided with a blanket of nitrogen which was main­ 
tained whilst the mixture was brought to the boil until 
colourless then allowed to cool and finally titrated 
against 0.02 molar ferric ammonium sulphate solution using 
ammonium thiocyanate indicator* 
Aluminium reduced catalyst
The catalyst components used in this case were -
\
aluminium diethylchloride and preformed ^ -titanium (ill) 
chloride. The aluminium diethyl chloride co-catalyst was 
added directly to the reactor as with the aluminium triethyl 
in the magnesium reduced catalyst case. The Tf-titanium 
(III) chloride was prepared by reducing titanium (IY) 
chloride with aluminium diethyl chloride andixeating the
eO
resulting mixture to 150°C» to change it from the y3 to 
the Tform.
Preparation of "commercial type" (preformed 
'^-titanium (III) chloride) catalyst
This catalyst was prepared by a simplification of a 
method used for the preparation of a commercial Of-titanium 
(III) chloride catalyst18 . The catalyst was prepared in 
the same apparatus as used for magnesium reduced catalysts. 
A 250 cm^ flask was cooled to -30°C. after observing the
-34-
sarae precautions as for the magnesium reduced catalyst, 
(i.e. dry apparatus, nitrogen atmosphere). 42.2 millimoles 
(52.75 cm3 of a 0.8 molar solution) of aluminium diethyl- 
chloride in dekalin were added to the flask and allowed 
to cool to -30°C. 56.2 millimoles (28.1'cm5 of a 2.0 molar 
solution) of titanium tetrachloride were added from the 
tap funnel to the vigorously stirred aluminium diethyl 
chloride solution. Throughout the addition which was 
carried out over a period of one hour the temperature was
i
maintained at -30°0. Upon completion of the addition the 
mixture was allowed one hour to warm up to 40°C» and then
held at that temperature for one hour, The mixture was 
then heated to 155°C. over the period of an hour, held at
155°C. for one hour, then allowed one hour to cool down ta 
20°C., whilst being stirred throughout.
When cool, the catalyst was centrifuged and the 
supernatant liquor decanted off, the residual material 
was then washed and centrifuged three times and finally 
made up to 56 cm5 in dekalin.
The titanium concentration of the slurry was determined 
by the same technique as used, for the magnesium reduced 
catalysts.
Preparation of ultra-high molecular 
weight Polyethylene ,
The techniques of polymerization at atmospheric 
pressure and for elevated pressures differ very little 
apart from the details of the apparatus used. The atmos­ 
pheric pressure reactor system is shown in Figure 10 and
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the superatmospheric pressure system in Figure 12. The 
procedure used for the preparation is described below: 
Standard polymerization procedure 
a) Atmospheric pressure apparatus
Experiments at atmospheric pressure"' were carried out 
in the apparatus shown in figure 10 using the following 
procedure. The reaction vessel (see Figure 11) and its 
ancillaries were thoroughly cleaned, and dried overnight 
at 140°C» before assembly- When assembled the vessel was 
immediately flushed out; with ethylene to clear standing 
gas from the pipework by opening taps b, e and f, then, 
flushed with nitrogen by closing tap b and opening tap d
_o
and finally evacuated to approximately 25 Nm ^ by 
connecting the vacuum system through tap c after closing 
taps d and f. During the evacuation the reaction vessel 
was warmed up to 70°C» by the circulation thermostat. 
Meanwhile the diluent was distilled from lithium •
\s
aluminium hydride into the feed reservoir under a nitrogen, 
stream controlled by taps h and k. After about one hour
«c
under vacuum the apparatus was filled with the freshly 
purified diluent from the feed reservoir through tap p, 
after closing taps c and e and opening taps n and m. 
Nitrogen was then admitted through taps d and e until 
atmospheric pressure was reached, then tap f was opened 
and the diluent was "sparged" with nitrogen 100 dm^hr."*1 
(controlled by valve g) at a temperature of 70°C^ with 
stirring at approximately 250 r.p.nu for two hours.
After sparging the diluent and adjusting its volume
KEY TO FIGURES 10 AND 12
A. B.A.S.P. R3-11 catalyst column maintained at 135°C. 
B. Linde molecular sieve,type 4A,column..
C. Constant-differential flow controller.i
D. Heat exchange coil*
E. Shaw hygrometer sensing element.
P. Ball and socket couplings.
G. Wet type gas meter.
H. Solvent still.
J. Distilled solvent reservoir.
K. McLeod vacuum gauge.
L. Liquid air cooled vapour trap.
M. Manometer.
N. Bursting disc safety valve.
P. Polymerization reactor*
Q. DrecKsel "bottle vapour trap.i
R. Rotameter.
S. Stirrer tachometer.
T. Thermostat bath with circulating pump..
U. Mercury pressure relief tube.
V. "Drikold" condenser.
V. Water condenser.
X. Drecksel bottle vapour trap filled with glass wool.
T. White oil bubbler.
Z. Non-return valve.
All taps mentioned in the text are labelled with lower case
letters.
Figure 10 .
The apparatus used for the atmospheric pressure polymerizations.
Ball and 
socket joints
Figure 11 •
achometer
To "drikold" condenser
tap y.
Water condenser 
aco" seal
Serum cap
*
Pocket containing
>
thermometer
Reaction vessel 
containing 1 dnr 
diluent
Outlet to bath 
4 turbine blades
4 paddle blades 
4 turbine blades
Circulating water from 
thermostat bath
The reaction vessel used for the atmospheric pressure polymerizations*
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to 1 dm^ by using tap y, the aluminium alkyl co-catalyst 
was added by syringe through the serum cap to the unstirred 
diluent under a nitrogen blanket and the apparatus then 
allowed to cool to the polymerization temperature. While 
the apparatus cooled, tap d was closed,"tap b opened and 
the diluent was saturated with ethylene (rate: 50 dm^hr." 
controlled by valve a, stirring rate: 250 r.p.m.). When 
the polymerization temperature was reached after about 
thirty minutes the sitirring speed was raised to 600 r.p.nu 
The titanium (III) chloride catalyst component was then 
added in the same fashion as for the aluminium component,
and simultaneously the gas meter was started by turning 
taps -s and t.
Polymerizations were generally carried out for three 
hours and were terminated by closing tap b to stop the 
ethylene flow and opening tap d to flush the apparatus 
with nitrogen before finally the titanium was de-activated
by exposure to the atmosphere. The crude polymerization.f
mixture was allowed to stand overnight to ensure complete
£
catalyst de-activation and was next steam distilled to 
remove catalyst residues and volatile organic materials* 
From the distillate the diluent was .recovered for 
re-cycling, the remainder going to waste. The residue of 
the steam distillation was filtered off, then washed with
j
two portions of methanol or, in the case of samples 
containing a high proportion of titanium or aluminium, 
with two portions of 10# hydrochloric acid solution 
followed by portions of 50# v/v methanol/v/ater (or inethanol
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alone) until the filtrate "was neutral to litmus. The final 
powdered material was dried at 80°C. for about 48 hours 
to constant weight. Viscosity determinations were carried 
out on this final material.
Experiments were also carried out to determine the 
viscosity number of the polymer at various times during 
the reaction. These results were obtained in separate 
experiments from those involving kinetic determinations 
but carried out under identical conditions. Samples of 
about 10 mis. of the reaction mixture were drawn off 
through tap y at regular intervals. .These samples were, 
immediately treated with iso-propanol to quench the 
reaction and then prepared for viscometry determination as 
for the bulk samples from the kinetic experiments* 
fc) Superatmospheric pressure apparatus
The procedure used for the superatmospheric pressure 
experiments was basically very similar to that outlined 
for a) except that the apparatus shown in Figures 12 and 
13 was used. The reaction vessel, stirrer assembly,, and 
dip tube were thoroughly cleaned, and dried overnight at 
140°C. before assembly. V/hen the warm apparatus was 
assembled .the standing ethylene gas was flushed out by 
opening taps b, e and f. Nitrogen was used to flush out 
the ethylene by closing tap b and opening tap d, then, 
the apparatus evacuated by closing tap d and opening tap 
f. The reaction vessel was evacuated to about 25 Nm~2 
whilst being warmed to 80°C.
KEY TO FIGURES 10 AND 12
A. B.A.S.P. R3-11 catalyst column maintained at 135°C.
B. Linde molecular sieve,type 4A,column.-
C. Constant-differential flow controller.
i
D. Heat exchange coil*
E. Shaw hygrometer sensing element.
F. Ball and socket couplings.
G. Wet type gas meter.
H. Solvent still.
J. Distilled solvent reservoir.
K. McLeod vacuum gauge.
L. Liquid air cooled vapour trap.
M. Manometer.
N. Bursting disc safety valve.
P. Polymerization reactor.
Q. DrecKsel bottle vapour trap.i
H. Rotameter.
S. Stirrer tachometer.
T. Thermostat bath with circulating pump.-
U. Mercury pressure relief tube.
V. "Drikold" condenser.
W. Water condenser.
X. DrecVisel bottle vapour trap filled with glass wool.
T. White oil bubbler.
Z. Non-return valve.
All taps mentioned in the text are labelled with lower case
letters.
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The reaction vessel used for the elevated pressure polymerizations.
At the same time the diluent was distilled off sodium 
potassium alloy,then let into the feed reservoir under a 
nitrogen stream from tap h. After about one hour under 
vacuum the reaction vessel was filled with freshly distilled 
diluent from the feed reservoir. This was done by closing 
taps c and e and opening-.taps m, n and q, then allowing a 
gentle flow of diluent to percolate through the molecular 
sieve column by controlling tap p. Meanwhile a nitrogen 
blanket was provided by opening tap k andtiie moisture level
V
was monitored to ensure less than 10 ppm of water using a 
Shaw moisture meter. . The pressure was then adjusted to
atmospheric by opening taps d and e. The diluent was
»
"sparged11 for two hours at a rate of 100 dm^hr.""^- of nitrogen 
by opening tap f and controlling the rate by valve g. The 
temperature was maintained at 80°C. and the diluent stirred 
at 250 r.p.nu
When the sparging of the diluent was complete, its 
volume was recorded, and the required amount of aluminium 
alkyl co-catalyst was added by removing the thermometer 
pocket and syringing the co-catalyst through the orifice 
into the unstirred diluent under a nitrogen blanket. The 
reaction vessel was then allowed to cool to the 
polymerization temperature whilst the diluent was saturated 
with ethylene by closing tap d and opening tap e. After 
half an hour when a steady polymerization temperature was 
reached, the titanium (III) chloride catalyst component 
was added in the same way as for the aluminium component.
-39-
The thermometer pocket orifice was closed and simul­ 
taneously tap f was closed except for a very small bleed, 
monitored by a rotameter. The stirring speed was increased 
to 750 r.p.m. and the pressure increased by controlling 
valve a* Polymerizations were continued for up to three 
hours or until the reaction rate was minimal. The 
polymerization v/as terminated by closing tap b, then 
releasing the pressure to vent via.tap f before flushing 
the apparatus with nitrogen by opening tap d. Finally the 
titanium was de-activated by exposure to air by opening 
the thermometer pocket orifice. Catalyst de-activation 
v/as completed by allowing the crude polymer mixture to 
stand overnight before steam distillation followed by 
filtration of the residue and washing with two portions 
of methanol.. The final powdered material v/as dried at 
80°C, for about 48 hours to constant weight. The viscosity v 
determinations and moulding tests where applicable were 
carried out on this final material.
Determination of the Limiting Viscosity 
Number of Polymer Samples
The polymer samples prepared in this work have been 
characterised by the determination of the Limiting 
Viscosity number,[»j] . This can be related to the molecular 
weight of the sample, M, by the use of an empirical 
expression of the form [n] = KM*. Yiscometry is a very 
simple and rapid technique.for molecular weight deter­ 
mination and is widely employed in routine applications.
Determinations were made by evaluating the viscosity
of a solution of the polymer sample ?(rj) relative to that
-40-
of the pure solvent (Ho). ' For this purpose capillary 
viscometers generally of the suspended level type were 
used. The functions of viscosity employed are expressed 
conventionally as shown in the table below:-
Definition Symbol " Name
Viscosity 
ratio
Specific 
viscosity*
Viscosity 
number
= Lim
sp
100
Lim 
c—>
Limiting
Viscosity
number
where c = concentration of polymer solution expressed in 
grammes of solute per cubic centimetre of 
solution. 
* With this exception terminology as recommended
by I.U.P.A.C.38 
The dimensions of viscosity number and limiting
T ^5 "^
viscosity number (L»V.N.) are (M Ir), i.e. cnr/gni- This 
is equivalent to 100 times Intrinsic Viscosity, the older 
term which expresses concentrations in gm/dl and therefore 
has units of dl/gm. 
Experimental procedure
The relative viscosity was determined by measurement 
of the efflux times of a pure solvent and a polymer 
solution of known concentration in a capillary viscometer. 
The determination was carried out in an Ubbelohde
suspended level viscometer placed in a thermostat oil bath
-41- 
at a temperature of 135 - 0.5°C» using the standard
procedure^". The technique adopted'was as follows:
•5 
About 100 cm' of the polymer solution was prepared
"by stirring the polymer powder in dekalin over an oil 
bath at 150°C» for at least 90 minutes." The solvent was
filtered free of dust particles through a glass sinter' 
before use and care was taken to exclude dust from the 
viscoineters. The viscometers were cleaned by standing in
chromic acid solution followed by "Decon 75" solution for 
a period of 24 hours, and finally rinsed in acetone and 
dried before use. The relative viscosity was found by 
measuring the efflux time of the pure solvent, dekalin, 
t Q , and then the time for a 0.02$ solution of the polymer, 
sample in dekalin, t, each determination being an average
of three consistent measurements of the efflux time. The 
final result for the relative viscosity was calculated as •
an average of three separate determinations of different
samples of each reaction product.
The Limiting 'Yiscosity llumber of the sample and its 
molecular weight were not actually measured, but were 
calculated from the average relative viscosity as described 
later in the text*
* Early viscometry measurements were obtained at 120 i 
0.5°C.
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CHAP'IER III 
PJBiULT? AND DISCUSSION*
THE POIYMLHIZA^iClr OF 5TKYLEITE 
Section I - The preparative technique
In order to achieve the applied objectives of this 
research it was necessary to use a method of preparation of 
polyethylene which would minimize the metallic residues 
remaining after catalyst decomposition and maximize the 
molecular weight of the material. For this purpose a 
catalyst of markedly improved activity v/as required so. that
-\
low catalyst concentrations could be used. The magnesium 
reduced titanium trichloride system outlined earlier in the 
text fulfilled this requirement and when used with pure 
ethylene monomer produced material of high molecular
weight » This polymer was prepared as a result of initial 
investigations carried out on/the atmospheric pressure 
apparatus, followed by further work at elevated pressures 
where the activity could be increased. As a result of 
these preparative investigations a quantity (7 kg,,) o.f. 
polymer suitable for moulding into test pieces was produced* 
This material, which has been moulded in various v/ays is
currently being tested to see if the end product fulfils 
the applied objectives.
The major difficulty encountered in this preparation 
v/as the very stringent precautions necessary to eliminate 
and exclude catalyst poisons from the apparatus. The 
exclusion of oxygen and, particularly, of water from the 
system was the major, problem* It v/as found that when
-43-
working at the low catalyst levels ultimately achieved the
out 
purification had to "be scrupulously ^ carried/(less than
2 ppm impurities) in order to achieve useful results. The 
methods finally adopted for the purification of the monomer, 
nitrogen and iso-octane have been outlined in the
experimental procedure. Table 3 gives a series of results 
which illustrate the improvements obtained by taking more
stringent steps to exclude catalyst poisons. However, it
was necessary throughout the present work to maintain the. 
efficiency of these purification systems in order to obtain
reliable results.
Early results obtained during the investigations into 
the activity of the catalyst system under the standard 
operating conditions for polymerizations to high conversion, 
are illustrated in Table 4. It can be seen that there was 
a fairly large scatter, of values in the measured activity 
parameters* This was attributed to the great difficulty 
in exact replication of the reaction conditions for any 
given experiment. Mass transfer"1"^ 41 appeared to play an 
important part in this respect especially when the reaction 
slurry reached high viscosity conditions during the later 
stages of the reaction. Under such conditions it was found 
that the rate of ethylene consumption is markedly dependent 
upon the stirring speed and considerable effort was spent 
in trying to improve the efficiency of the stirrer devices 
used in each of the reaction vessels,but with thick 
slurries (<^» 20/0 "the problem was not entirely eliminated.
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The preparative investigations illustrated the effedfc
of pressure upon viscosity number of the polymer produced 
by this catalyst system as shown by Figure 14. This 
confirms an increase in molecular weight with increasing 
ethylene prespure as previously observed with similar
systems^ , It was also shown that the catalyst is very
( *
susceptible to poisoning by traces of aluminium alkoxide 
formed by the decomposition of the aluminium trialkyl. 
Great care was subsequently taken to avoid this, as such 
decomposition could only be detected by analysis of the 
aluminium trialkyl*
The results and conditions used for the preparation of 
the bulk polymer samples are shown in Table 5. Table 6 
shows comparative results for properties of the material 
produced by this catalyst system and those of equivalent 
commercial materials. These include:
v
/
(a) Physical properties.
(b) Metal content analyses.
(c) Infra-red analyses.>
Figure 14•
The effect of pressure upon the viscosity number of the polymer*
See Appendix—Table I for results and polymerization
conditions.
Viscosity number
for a 0.02$ solution*
^ 1 9 (cm-5 . em" ,xlO~ .)
30 r
20
15
0.2 0.4 0.6 0.8 1.0 1.2
Total Ethylena pressure. 
(MN.irf2 .)
-54- 
Table '6
Comparative properties of the ultra high molecular 
weight polymer produced by this catalyst and
current commercial materials
a) Physical properties-
Sample
Property
Birmingham
polyethylene
material
Hostalen. 
GUR
Visrcosity number 
(0.02^ solution 
in dekalin at 135°G) 
-l x 10 ~2
25 17
Bulk density 
gm-cm-3
.Density of homo- 
geneously moulded 
material,
0.25
Q.94
0.40
0.94
b) Metal content analyses 
Sample. Metal content
Ti Al Cl
all in parts per million
Hostalen GUR 
Hifax
Birmingham polyethylene 
material
I am indebted to Shell Chemicals ltd. for the results of 
the elemental analysis of the three materials given above
9
155
^1
12
17
28
30
55
25
U01TTD
-55-
i'able 6 (Contd.)
c) Infra-red analyses
Sample
Hostalen 
GUR
Hifax 
1900
Birminghe 
polyethyl
Unsaturation (Groups/1000 C 
atoms)
/inyl 
-OH=CE9 
11. Op *
0.12
0.02
m 0.04 
ene
2rans Vinyl ene 
'JH=CH 
10.34
0.01 
absorption peak 
;;ust detectable
<0.01 
no peak detect­ 
ed
<0.01 
no -oeak detect­ ed "
Yinylidene C=CH9 " 
11.25
0.02** 
absorption pea 
just detectabl
0.02 
no peak detect 
ed
0.02
no peak detect 
ed
Total methyl 
groups / 
LOOO^C atoms 
Assuming 
branch 
lengths 
greater than 
C3 7.25/i*
lc 0.5 
e
1 i 0.2
0.5
«••
* Determination made using a compensating wedge having a 
total methyl content similar to that of Hifax 1900. 
Hence Hostalen and Birmingham sample results obtained by 
extrapolation to an assumed zero and are therefore only 
approximate at these low levels.
** It is assumed that there is no interference from methyl 
groups belonging to alkyl chains longer than -CH,.
NOTE: The Birmingham PE sample contains traces of a silicone 
oil absorption present at 7.9, 9-10 and 12.4 microns). 
I am indebted to Mr. G. T. Chamberlain of Shell Research.
Ltd., Carrington, Manchester for the results given in the
Table above.
-56- 
Section II - The kinetic features of the reaction
When suitable conditions had been established for the 
preparation of bulk samples of ultra-high molecular weight 
material, an investigation was undertaken of the principal 
kinetic features of ethylene polymerization using this 
catalyst system. The kinetics of the polymerization were 
studied at atmospheric pressure in the apparatus described 
earlier (see Figures 10 and 11). The organo-magnesium 
reduced titanium (III) chloride/aluminium triethyl was used 
under'conditions in which it was shown that the reaction is 
independent of mass transfer rate. In kinetic investigations 
of ethylene polymerization it is necessary to pay attention 
to differentiating clearly between conditions leading to 
"chemical control" of the reaction and those which result 
in a mass transfer limited control. The comparatively low 
solubility of ethylene in hydrocarbons such as iso-octane, 
coupled with the high reactivity of the catalyst sys.tem, 
can easily lead to polymerizations which are controlled by 
the rates of gas transfer to the catalyst surface, rather. 
than by chemical factors. Such considerations have been 
taken into account in the determination of the kinetic rate 
constant of the polymerization, 
i) General characteristics
The results found for the absorption of ethylene using 
catalyst concentrations of 0.01 millimolar and 0.003 
millimolar titanium (III) chloride are shown in Figure 15 
for two runs at each concentration under similar conditions.
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The results illustrate that the reproducibility of the 
reaction parameters is better at these relatively low 
conversions than at the high conversions employed in the 
earlier work where mass transfer limitations have an 
important effect. In these kinetic experiments it was 
normally found that the ethylene absorbed in individual . 
experiments was duplicated ±<10?& for polymerizations 
carried out under identical conditions. Figure 16 shows 
the typical ethylene absorption rate curves for ethylene 
polymerizations at catalyst concentrations of 0.01 milli- 
molar and O.,003 millimolar, titanium (III) chloride. The 
curves show marked changes in absorption rate with time 
particularly at the higher titanium concentration similar '- 
to what is found in certain other Ziegler systems, 
e.g. "active" titanium III chloride catalysts such as fresh 
*-/¥-,S-TiCl.z or AA, HA grade TiCl^ activated by aluminium 
triethyl4% 44, 50^
The curves consist of three major parts,, as outlined 
for the decay type kinetics shown in figure 17. The initial 
build up period (l) is of relatively short duration and is 
where the rate builds up to a maximum. The decay period 
(II) which follows the maximum is the region where the rate 
gradually declines,, and for many of the kinetic experiments 
in the present work this completes the three hour time 
scale. However, if longer time scales or certain results 
at lower activity levels (i.e. lower temperature resiilts) 
are considered a third region is found where the decreasing 
rate levels off towards an assymptotic value. This final
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. region (ill) is generally4"^ known as the stationary period 
and polymerisation can continue steadily at this markedly 
reduced rate for long periods.
A closer look at the components of the rate time curve 
shows that the build-up region can be attributed to two 
causes, the first being an induction period, the time in 
which the system reaches a balanced condition, i.e. for 
reaction to take place between the catalyst components and 
for them to react with the.monomer to begin the initiation 
of the' polymer chains. Practical observations show that this 
induction period must be short as stable rate conditions 
have generally been attained 'within the first 5-10 minutes 
of the polymerization. It is at this point where in many 
cases the other part of the build up may be observed. This 
is the gradual build up of rate to a maximum which may take 
from a few minutes (with an active polymerization) to a 
matter of hours with one at the other end of the scale.
*
This may be attributed, as has been found^ j,n other Ziegler
systems, to changes in the particle size of the solid
catalyst component. In this system changes of the size of
t
the catalyst/growing polymer particles are visible to the 
naked eye.Although these are large scale phenomena, probably 
not directly affecting the rate,they can be seen to take 
place as the absorption rate climbs to its maximum.
Evidence that such changes: may occur has been cited 
by Natta et al^4 who obtained "acceleration type" kinetic 
curves (lower dotted line in Figure 17) with an unground 
catalyst component which, however, gave "decay
-59-
type" curves when equal samples were used after having 
been freshly ground. In both cases the rate finally 
achieved in the stationary period was the same.
In the present work all rate curves were found to 
follow a decay type pattern. The rate of fall off in the 
polymerization rate during the decay period was found to. 
vary with the concentration of aluminium alkyl present and 
at high aluminium concentrations a very marked fall-off in 
rate was found ^Figure 18b)» 
ii) The effect of aluminium triethvl
The first parameter of the reaction system to be 
investigated was the concentration of aluminium triethyl 
and its effect upon the polymerization rate. There is 
evidence that ethylene can be polymerized slowly on 
titanium (III) chloride catalyst in the absence of an added
for a fast reaction it is usually essential
to add a minimum concentration of a metal alkyl»
The results obtained by variation of the aluminium
concentration in the catalyst system are shown by Figures
c
18 and 19. Figure 18 a) and b) show the ethylene 
absorption rate versus time curves for three experiments 
with aluminium triethyl concentrations from 0.05 - 5*0 
millimolar* It can be seen in these results that the decay 
period in the curve becomes- more sharply defined as the 
concentration of aluminium triethyl employed increases. 
The following graphs shown in Figure 19 illustrate the 
aluminium triethyl dependence of the maximum rate of 
polymerization. This appears to be independent of the
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aluminium triethyl concentration for concentrations greater 
than approximately 0.18 millimolar. This is shown by the 
sharp rise found in the rate between experiments 
at concentration about 0.10 mM and those with concentrations 
>0.20 mM. The linear plot, Figure 19a, "best illustrates this 
marked rise and the fairly level region which follows. 
Similar observations were also found by Berger and Grieveson 
using aY-TiCl5/AlEt2Cl system41.
The rate dependence curve is also illustrated as a 
logarithmic scale plot, Figure 19b, which shows the region 
of low activity at low concentrations followed by the sharp 
rise to the broad maximum which appears to gradually tail off 
at high concentrations of aluminium triethyl. This behaviour 
can be attributed to three causes. The results at low
i
aluminium concentrations probably arise due to the dual role 
of the aluminium alkyl which will act 'as a scavenger for 
reactive impurities and thus a certain quantity will be 
consumed for this reason 0 This is often the cause of 
scattered results obtained at very low aluminium triethyl
c,
concentrations. The main role of the alkyl, however, is 
considered to be the production of active sites by
at the surface of the titanium (III) chloride 
as is thought to take place in other Ziegler systems for 
ethylene polymerization based on titanium (III) chloride. 
The remaining alkyl will be used up for this purpose and 
so the rapid rise in the rate of polymerization,in this 
particular case at an Al/Ti ratio of about 20,is apparently
-61-
due to increasing alkyl being available for this alkylation 
which, when complete, results in the level part of the 
curve. The gradual decline which may be detected in the 
latter part of the curve can be explained by an increasing 
importance of decay processes at higher "aluminium triethyl 
concentrations (see Figure 18b). This is attributed to 
termination or transfer processes involving (in this case) 
triethyl aluminium, although there are other possible 
mechanisms.
Alternative proposals for decay in AlEt^/TiGl^ systems 
are loss of activity due to aluminium triethyl reduction 
of the titanium.
+ R-
as cited by Berger and Grieveson^l. Further alkylation 
{leading to reduction) of the titanium (III) chloride which 
in effect amounts to a net removal of surface chlorine 
atoms has been proposed by Ingberman et al^-V. This removal 
of chlorine atoms from the TiCl^ leaves a catalyst of 
changed composition and little activity48 . However, if 
this process occurs to a marked extent it results in visible 
darkening of the solid material. The possibility of 
encapsulation of the catalyst by polymer, a process used 
tt> explain declining rates in propylene polymerizations, 
has also been considered. However, similar declining rates 
are found for ethylene polymerization and by both hetero­ 
geneous and homogeneous systems (such as the soluble 
vanadium di(isopropyl salicylate) - aluminium diethyl 
chloride system) as cited by Berger et al49 , pointing to
-62-
a common alternative decay" process rather than to
encapsulation.
ill) The effect of titanium (ill) chloride
The second parameter investigated was the effect upon 
the polymerization rate of the concentration of titanium 
(III) chloride. An aluminium triethyl concentration of 
0.50 millimoles dm"~3 was used throughout these experiments. 
As shown in Figure 19a this concentration appears in the 
fairly level part of the rate-concentration curve above'the 
threshold (0.20 millimolar) concentration. Rate versus 
time curves for two titanium concentrations are given in 
Figure 16 and show that there is an increase in rate with 
increasing titanium concentration.
The simplest model of Ziegler catalyst systems assumes
that the insoluble titanium (ill) chloride particles havet-
active polymerization sites on their surface. Such a model 
predicts that the rate of polymerization is proportional 
to the amount of titanium (ill) chloride surface present. 
AS shown by Figure 20 this relationship is upheld for the 
present case, assuming that the Ti/surface ratio is constant, 
over the range of concentrations from 0.001 - 0.02 milli­ 
molar, but for concentrations>0.02 is found to deviate. 
The linear relationship is only upheld providing there are 
no mass transfer effects of the type mentioned previously 
and as can be seen in the graph these were generally 
encountered for catalyst concentration >0.02 millimolar 
in titanium for polymerizations at 50°C.
In a heterogeneous catalyst system as used for the
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present work it should be noted that the catalyst 
concentration may not be the only parameter concerned with 
catalyst activity. The nature of the crystalline surface 
end the structure of the crystal influence the polymerisation 
rate and also the structure of the polyiaer (when, used for 
stereoregular polymerization of substituted monomers). 
These properties of the crystals are dependent upon the 
technique used to prepare the titanium (ill) chloride. For 
this reason care was taken to ensure the conditions out­ 
lined in the procedure for catalyst preparation could be 
exactly replicated in order to avoid variation in catalyst
t
activity between different samples.
In the case of organo-aluminium reduced catalysts it 
is generally considered that appreciable quantities of 
aluminium chloride produced during reduction may be present 
in the crystal lattice. The organo-magnesium reduced " 
catalysts are similarly considered to incorporate magnesium 
reduction products into the titanium (ill) chloride lattice 
and it is to this that the much greater activity of the 
present system is attributed,at least partly because this 
incorporation of magnesium utterly disrupts the TiCl^ 
crystal lattice^0 .,
As shown in Figure 20, for the present catalyst 
system, the polymerization rate is directly proportional 
to the concentration of the titanium present. This 
apparently confirms that the rate of polymerization is 
governed by chemical factors, and that the rate of 
transport of monomer is not exceeded by the rate of
-64-
reaction, so that the transport rate becomes the rate 
limiting process. In instances where mass transport is 
rate limiting,the response of the polymerization rate to 
the catalyst concentration will be reduced at the higher 
values and the direct relationship breaks down. In order 
to ensure that useful measurements could be made before 
such conditions occurred,it was found desirable to adopt 
an efficient method for dissolving the monomer gas into 
the liquid diluent and to employ good agitation in order to 
eliminate monomer concentration gradients within the 
diluent., For this purpose the dip tube and stirrer 
patterns shown in the diagrams of Figure 11 and 13 were 
used at a stirring rate of 600 r.p.nu during., 
polymerizations. The use of relatively low temperatures
and reaction rates also helped to maintain an effective
s. 
equilibrium between the gas phase and the diluent:.
In order to eliminate the problem of interference in 
the determination of the kinetic rate by mass transport 
limitations,the following concept applied by Boocock and 
Haward to a similar Ziegler system was employed. 4-0 The 
polymerization is considered to involve the following 
series of processes for ethylene consumption, all of which 
must run at the same rate and in this sense be in
equilibrium with each other:
(1) The dissolution of monomer gas into the
solvent across a gas/liquid interface.
-65-
(2) The diffusion of the dissolved monomer 
to the catalyst surface through the 
diluent film surrounding the catalyst 
particles*
(3) The polymerization of the adsorbed
monomer layer on the catalyst particle. 
By consideration of these processes the following 
expression can be derived:
If — C = Saturation concentration of monomer 
in the diluent at the polymerization 
temperature. 
C = Actual concentration of monomer in
diluent during polymerization. 
C_ = Concentration of monomer in diluent:
55
which would be in equilibrium with 
the actual surface concentration of 
ethyl ene on the TiCl,. 
= Concentration of active .,. 
then th$;following expressions can be written:
Rate of solution of ethylene: = E^ X (CQ - C).....(l)
K represents liquid/gas transfer coefficient: 
X represents liquid/gas interfacial area
dependent upon agitation. 
Rate of film diffusion at particle/liquid 
interface: = K2 [ri] (C -Og ) ........................ .(2)
Rate of polymerization: =R=K^ |ri] C s « •• »o .......... -(3)
-66- 
by combination of (2) and
c s
by combination of (1) and (3),
KlXCo
v/ = "T5—"\F—;
* [Ti]
now, R = K5 [Ti] C, 
= K*[TilK,
(K2
;X [Ti] GQ
+ K2K3 [Ti]
This relationship indicates a linear correlation between • 
1/R and I/[Ti] , since if the film diffusion effect .is 
neglected-then:
v<» —L/ } 1 . S . |A.Q^^ *<?
Then K2 + K^——^K2
and 1 = g ^ 0 + -ri|——— ...........(4)
Afc ^r ^" ^^ I ^^
This relationship provides for the overall polymerization 
rate in terms of the kinetic rate function and mass 
transport function. It also extends to include a diffusion 
film of polymer around the catalyst particle when 
applicable,providing it can be assumed that this remains 
constant with time.
The application of equation (4).to the experimental
-67-
results in the .present work gives the results shown in 
Figure 21, which is a plot of the reciprocal of the maximum 
polymerization rate versus the reciprocal of the titanium
catalyst concentration. This is found to give a linear 
plot in which the slope is controlled by the catalytic
activity. v The intercept gives the maximum rate at which, 
under the given experimental conditions, ethylene can be 
transferred into the solvent . The results obtained show a 
fairly wide margin of scatter for values of I/ JTjj] greater 
than 750, as in this region they approach the practical 
limits' of ethylene absorption measurement for the present: 
apparatus, i.e. 0.001 milliinolar Ti concentration and 
4-5 dnPhr.""1 ethylene consumption. The values derived
from the data are:—
•7 _i 
Maximum transfer rate = 330 dnrC2H, hr»
Maximum rate of polymerization 
= 3356 dm5 Ethylene at oTP (millimoles
solvent) -1 hr.~^atmosphere~" 
= 971.7 moles Sthylene.(gm TiCl)"1 hr."1
atmosphere"1 
= 27,200 gnu Ethylene (gm TiCl^)"1 hr."1
atmosphere""1 
Maximum rate constant , K, *
= 8057 moles Ethylene (molar Ethylene cone, in 
saturated solution)"^ (gm TiCl^)" hr."1 
atmosphere""1
8057 gm. Ethylene (gms Ethylene dissolved in 
saturated solution)"1 (gm TiCl^)""1 hr,""1 
atmosphere""1
* (see Appendix Note 1 )
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Note: [l atmosphere - 1 x 10^ Nm~2] 
(iv) The effect of temperature
Figure 22 shows the effect of different polymerisation 
temperatures upon the'maximum polymerization rate. The rate 
is found to increase with temperature up to approximately 
50°C» The curve is rather slow to rise from 0°C» to just 
over 20°C^ but then climbs very sharply to 50°G» Beyond 
50°C. it appears to flatten off and results"obtained at 
60°C. show no further increase in rate but suggest that the 
rate may be beginning to decline. This discontinuity in 
the increase of rate v/ith temperature has been found in other 
investigations of Ziegler systems: Berger and Grieveson^" 
found a similar result for ethylene polymerization using"1 a 
Y- TiCl-z/AlEtpCl catalyst system at temperatures 50°C» 
They attributed this to a diminution in the rate of solution, 
of ethylene arguing that at temperatures 50°C»» this is 
too low to satisfy the potential polymerization activity of 
the catalyst at the concentrations they employed*
However, there is alternatively the possibility that
at high temperatures there may be some destruction of the •> 
active polymerization sites, particularly in the present.
case where aluminium triethyl may be involved (see earlier 
comments on the possible role of AlEt^ in the decay period). 
At these higher temperatures the catalyst system may become 
less active due to reduction of the TiCl^ by the aluminium 
triethyl to give inactive species^1 * 47, 43. A similar 
reaction between aluminium tri-isobutyl and vanadium 
trichloride has been used to explain a similar effect in
Figure 22. 
The effect of temperature upon the polymerization rate.
See Appendix -Table VII for results.
Specific polymerization rate. 
*C2H.hr"1 .(mmoles TiCl
3000 -
2000
1000 r
10 20 30 40 50 60 ?0 
Temperature. ( C,)
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the polymerization of 4-methylpentene-l by LicKenzie, Tait 
and Burfield51 *
Figure 23 shows an Arrhenius plot of these results 
for rate and temperature. This confirms a linear relation­ 
ship between the temperatures of 0°C. and 50°C. from which 
the overall apparent activation energy of 75,8 kj mole""1 
(18.1 Kcal mole^1 ) for the polymerization reaction has been 
determined. This value is rather higher than those which 
have been obtained for ethylene with other Ziegler systems 52 , 
albeit it compared favourably with the value of 72*4 kJ 
moles" (17.3 Kcal mole""1 ) found by Berger and Grieveson^1 
for the rV-TiGl^/AlEt2Cl system at constant monomer- 
concentration. Most authors however reported values from. 
4.2 to 50.2 kj mole-1 (1 to 12 Kcal mole"1 ) and Fukui53 
obtained an activation energy of 32.6 kJ mole "^ (7.8 Kcal 
mole" ) at constant monomer concentration for a TiGl^/ 
Al( 02^5)3 system, a value substantially lower than that 
found in the present work. However, some discrepancies 
might be expected with the overall activation energy term- 
estimated here, as it is a compound value which includes 
contributions from sources other than the activation 
energy of the polymerization, reaction; one obvious 
complication is the temperature variation of thesolubility 
of ethylene in the diluent»
Section III —An investigation of the molecular 
weight behaviour of the reaction,
The previous section outlined the main kinetic features 
of the organo-magnesium reduced titanium (III) chloride
_Pigure
An Arrhenius plot of polymerization rates obtained using the 
magnesium reduced TiCl catalyst system.
See Appendix ——— Table VII for results.
(Polymerization rate). 
4.0u
3.0-
2.0
l.rf
3.0 3.1 3.2
Slope = 3.96
E.Act.= 75.8 kJ.mole""1 .
3.3 3.4 3-5 3-6 3-7
10-
T;
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catalyst system used in the present work. In this chapter 
the influence of the polymerization conditions, i.e. catalyst 
composition and reaction temperature, upon the molecular 
weight of the polymer produced are discussed. Results 
from the study of the change in molecular weight with time 
are also presented. These are used together with overall 
polymerization rate data to provide estimates of the 
concentration of active catalytic sites and the lifetime 
of the growing polymer chain» 
(i) General considerations •>
Estimation of the limiting viscosity number
The molecular weight of the polymer samples was 
estimated by viscometry. The limiting viscosity number 
was determined by the application of a one-point method
devised by Elliott, Horowitz and Hoodock^ for a single
j 
determination carried out by the standard techniques using,
in the present case, a 0.02$ w/v solutibn in dekalin at
135°C.
The results obtained from this method correlated well 
with those obtained by the experimental determination of the 
limiting viscosity number (L.V.IT.) by extrapolation to zero 
concentration of the viscosity number for a series of 
solutions. The agreement is illustrated by the results in 
Table 7, which shows values for the L.V.IT, calculated by the
one-point method and results obtained by extrapolating
t — texperimental measurements using plots of ____o and
V
t/t_ _g. versus concentration.
c
The one-point method is based upon the Martin equation
Log 
V7here[n]has units cm^gnf1 x 10~2
c has units gm.cnT^ x icT2 /se e Appendix ITote 2) 
which Elliott et al^4 have shown by statistical analysis of 
viscosity data from a wide range of polyethylene and poly-
\
propylene samples, to fit . experimental data better than the 
Huggins equation:
especially at high values of Me (i.e. particularly with 
samples having high I.V.IT.)..
The statistical analysis of the viscosity data gave an 
average value of K = 0.139 covering both polyethylene and 
polypropylene samples. By using this value in the hart in 
equation it can be expressed in the following form:
"Jre! = 1 +
From -this equation tables were drawn up to permit the 
calculation of the Ii.V.N. from a single relative viscosity 
measurement at 0.02$ concentration. No kinetic energy 
corrections were made in the calculations of the viscosity 
data as the efflux time of the solvent was long enough, 
(~100 sec.) to make such corrections negligible for the 
viscosity numbers involved in this work.
j
The effect of shear rate upon polyethylene solutions 
was investigated by Elliott et al54 , who found that it could 
be described empirically by the folloving equation:
/ c.
Table 7
Conrparative results for the determination of the limiting 
viscosity number by the one -point method and by the multi­ 
point technique
Sanrole
B.P.
Rigidex
Shell
Carlona
PT.l
PI. 2
PT.3
DP.l
DP. 2
OP. 2
OP. 4
Limiting viscosity number ^cm^gm""! x 10"^)
Multi-point method
Plot of 
* -*o
V
1.26
1.37
6.15
.8.40
10.1
21.0
23.0
12.5
31.5
Plot of 
Lo.Set/t0
c
1.26
1.37
5.95
8.40
10.5
21.4
23.0
12.9
30.5
i-Iulti- 
point 
aver­ 
age
1.26
1.37
6.05
8.40
10.3 -
21.2
23.0
12.7
31.0
Single point method
£ cone, of single point 
measurement
3.50
1.31
1.35
—
—
—
-
—
—
~
0.10
—
1.37
6.31
8.49
L2.61
-
—
—
—
0.05
1.27
1.40
6.18
8.50
12.16
20.81
22.50
12.43
29.90
0.02
—
—
6.08
8.38
10.77
22.89
22.64
13.21
31.63
Single 
point 
ave.
1.29
1.37
6.19
8.46
11.85
21.85
22.57
12.82
30.76
1 + 1.5 x 10~H
<
where n s (^ oy is the specific viscosity at zero, shear rate
h is the specific viscosity at the shear rate,'*? 
Assuming that the experimental data obeys this equation it 
follows from it that'any shear rate correction disappears as 
•n 0 (and also the concentration) approaches zero. In using 
the Martin equation an extrapolation to zero concentration 
is included which results in the elimination of the necepcity 
'for shear ra"':e correction.
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Calculation of I-I
The estimate of the number average molecular weight was 
obtained from the limiting viscosity number results by 
using this relationship. •
= 2.3 x lO-* (sy .82
The first empirical relationship between molecular 
weight and L.Y.IT, was proposed by Staudinger^-%
[= kM
vhere k is a constant of the particular polymer- 
solvent system.
K is the polymer molecular weight, 
but its validity was found to be rather limited. 
Subsequently, the more widely accepted general empirical 
relationship known as the Kark-Houwink equation was
proposed*5 .
oc= kK
k, (X, are constants for a given polymer, solvent,
and temperature
K is the molecular weight of a homogeneous
fraction of polymer.
The expression quoted above is of this type and was. 
derived by De la Ouesta and Billmeyer^' for fractions of 
linear polyethylene in dekalin at 135°C., v/here the number 
average molecular weight can be related to the limiting 
viscosity number using the constants k = 2.3 x 10~4 f 
K= 0.82. In the present case the relationship has been 
applied to whole polymer samples, for the calculation of FI n .
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This number is likely to be only a rather poor estimate of 
the true 1^, but as no technique for the direct measurement 
of Mn was available to us, this method was considered to be the 
best and most convenient'estimate obtainable.
Table 8 includes for comparison the -values for St­ 
eal cul ate d as outlined above from the viscosity data and 
values obtained by molecular weight distribution analysis.. 
using gel permeation chromatography apparatus. The latter 
results were obtained by the Rubber and Plastics Research 
Association. The variables employed in the gel permeation 
chromatography analysis are given in the Appendix, Table XV.
The gel permeation chromatography results show\
discrepancies from those obtained from the viscometry 
measurements. However, R.A.P.R.A. experienced difficulty 
with these very high molecular weight polyethylene samples, 
in obtaining the filtered solutions required for gel 
permeation chromatography. it was found that the samples 
"gelled" very easily below 140°U. and there, is the strong 
possibility that some of the high molecular weight material 
may have been removed during filtration, or that there may 
have been degradation due to shear. The results of the 
g.p.c. analysis do however show that there is relatively 
little change in the molecular weight distribution with time
under identical, conditions. A comparison of the results for.
w and / _ «S- at 5 mins./at 1 hour for the same experiment!,- samples
1 and 2.) show that this remains relatively constant with 
values of 10.4 and 9.1 respectively. This can be used to
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support the assumption that the molecular weight distri­ 
bution remains constant for the period during which 
measurements are taken. This is important when comparing 
the molecular weight derived from viscosity measurements 
for samples removed at different reaction times, as the 
LTlJ - Mn relationship also shows a marked dependence upon 
the molecular weight distribution. Therefore, the latter is 
assumed to be constant for all the polymer samples.
In the viscosity determinations carried out in the 
present work it was found progressively more difficult to 
obtain accurate viscosity measurements as M increased. Sample
solutions with viscosity numbers in the region of
3 —1 —230 cnr gm -1- x 10 were very suscep-tible to gel formation,
as was. found in the g.p.c. analyses, particularly if allowed 
to cool below 135°C. at any stage. High viscosity samples 
were also particularly susceptible to oxidation if the 
solutions were heated at temperatures greater than 150°0^ 
for more than three hours. The value of M was calculated as 
described from an average value °f --i obtained from three
separate measurements. The reproducibility between measure­ 
ment was- generally ->15$ in terms of the relative viscosity.
Figure 24 shows how the molecular weight of the polymer 
changes with reaction time during the course of a six hour
polymerization. There is initially a rapid rise in the 
molecular weight which takes place during the first 15-20 
minutes of the polymerization. This falls off at about 
20 minutes and subsequently the molecular weight is found 
to build up gradually until it appears to approach a
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gafale 8
Comparative results for the estimation of the 
number average molecular weight from Viscometry 
measurements and from rel pe mat ion chromato/-raphy
measurements
Sample 1
Polymerization conditions: temperature - 50 C.,
reaction time - 5 mins., total ethylene pressure -
atmospheric* aluminium triethy1 concentration - 
0.50 millimolar, dodecyl magnesium "bromide 
• reduced TiCl* concentration - 0.01 millimolar. 
Gel permeation chromatography results Viscometry results 
~ = 1.45 x 105 . JL = 3.40 x 105
FT = 1.51 x 106 I\ = 1.17 x 106
XV
Fiv = 9.31 x 105 I\ = 6.32 x 10 5
Mn
= 10.44 = 7.9 cmgn xM=  
I
Sample 2
Polymerization conditions: temperature - 50°G» 
reaction time - 60 mins., all other variables as
c,
sample 1.
Gel permeation chromatograpliy results Viscometry results 
1^ = 3.02 x 105 %n = 6.77 x 105 
= 2.73 x 106 1\ = 2.52 x 106 
= 1.69 x 106 I = 1.30 x 106
—j. -v- i n—2
9 f\c im= j_ } . ~j uiu-" rs«* ^- J-Vj • \Jy
-77-
gable 8 (Gontd.) 
Sample 3
Polynerisation conditions: temperature - 50°C.,
reaction time - 3 hrs., total ethylene pressvire -
p1.0 KLTnT (10 atmospheres), aluminium triethyl
concentration - 0.15 millimolar, octyl magnesium
bromide reduced Ti017 concentration - 0.002 milli­ 
molar.
G-el permeation chromatography results Yiscometry results 
M = 1.46 x 105 H = 1.15 x 106
= 8.87 x 105 Mw = 4.53 x 10 6 
Mv = 4.66 x 105 Flv = 2.28 x 106
Fl
— = 6.07 L]= 21.5 cm^gnT1 x 10~~2
Sample 4
Polymerization conditions: As for sample 3 above
Gel permeation chromatography results Viscometry results 
Fln = 2.59 x 105 Fln = 1.65 x 106 
~T = 1.93 x 106 Fl r = 6.73 x 10 6
Flv = 1.26 x 106 MY = 3.32 x 106 
-£ = 7.44 W= 28.8 cm^gm"^1 x 10"2
Notes;
i) Variables used in the g.p.c. work are quoted
in the Appendix.
N.
ii) The following relationships were used for
57
calculation of Flw and Fly66 from the limiting
viscosity number,^].
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Table 8 (Contd.) 
De la Cuesta and Billmeyer 
I\ : = 2.55 x HT4 (Mw)°* 74 
Duch and Kuchler
: = 2.36 x ™-4 <* >°'78
limiting value during the latter half of the reaction. In 
the present case under the given conditions this is when 
Mncol x 10 . Similar behaviour has been found in other 
Ziegler systems42, 58, 59, 60 #
(ii) The effect of aluminium triethyl
The plot shown in Figure 25 shows the relationship of 
the Ii.V.IT. (and the derived M^) -to the concentration of 
aluminium triethyl used. These results were all obtained 
from three hours polymerizations at a constant titanium 
concentration of 0.01 millimolar. The plot shows that as 
the concentration of the aluminium triethyl increases the 
molecular weight of the polymer decreases. This agrees with 
reports from several authors using MCI^/AIR^ catalyst 
systems 60 ' 61 » ^2 . It is generally interpreted as arising 
from chain transfer with aluminium alkyl. This has been 
demonstrated to occur with adsorbed alkyl in the 
polymerization of 4-methyl pentene-1 using a VCl^/AlC 
system by Burfield, Tait and McKenzie63 ' 64 . However, this 
finding does not agree with that of Grieveson58 who reports 
constant values ofM for variation in aluminium diethyl 
chloride concentration from 2.6 to 52 millimolar in the 
polymerization of ethylene by the ^ -TiCl3/AlEt2Cl system.
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(iii) The effect of titanium (III) chloride
Table 9 shows the effect of various titanium (ill) 
chloride catalyst concentrations upon the nolecular weight 
of the polymer. It can be seen that there was no narked 
effect upon the molecular weight by the catalyst concen­ 
tration ,~ The results did' not show any significant trend 
but were randomly distributed around a limiting viscosity 
number value of about 20.5 cm^gnT1 x 10~~2 and f^ of about: 
10.7 x 105 with a scatter of**
Similar results were found by Grieves on for ethyl ene 
polymerization by the nf-TiCi/AlEtCl system for variation.
in the TiCl, concentration from 1—8 millimolar. The 
result is also in agreement with the findings of McKenzie
et al who showed that the concentration of 7C1* has no 
effect on the M of polymer formed, from 4-methyl pentene-1 
in the VCl^/AlCisobutyl), system, Natta et al4" however 
have found conflicting results in the case of the' 
polymerization of propylene with an oi-rDioi^/AlEt^ catalyst 
system-
The decrease in i^ with increasing [TiClp observed
by Natta may be the result of chain transfer reactions 
probably involving aluminium tri ethyl. At high TiCl,
concentrations if the catalyst is starved of monomer this 
will reduce the propagation rate but not affect the chain 
transfer rate and the combination of the effects on these 
rates will result in a reduction of F .
-80-
Table 9
Effect of titanium CIII) chloride concentration 
on the nunber average molecular v/eifrht
Run No.
DK.14
DK.26
DK.15
DK.2 '
33K.7
DK.19
DK.16
3DK.23
DK.20
DK.22
DK.21
DK.17
DK.24
DK.18
'DK.29
millindlar
.0500
.0500
.0200
.0100
.0100
.0085
.0050
.0040
.0030
.0030
.0020
.0020
.0015
.0010
.0010
, -II1 -2
cnrgm x 10
19.61
A
20.76
17.56
23.08
18.29
20.01
18.26
24.02
19.44
21.28
22.57
22.35
19.38
16.72
• 20.96
Mn x 10"" 5
10.31
11.05
9.01
12.57
9.47
10.57
9.45
13.20
10.20
11.39
12.24
12.09
10.16
8.49
11.18
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(iv) Effect of temperature
The results for the effect of temperature upon molecular 
weight are shown in Figure 26. In the present system the 
assyinptotic molecular weight was found to increase with 
temperature upto 30°C., then above this temperature fall•• * *™
steadily. Figure 27 shows a plot of log, 0 (ll ) versus the 
reciprocal of the absolute temperature and also a 
comparative plot of log1Q (polymerization rate) versus 1/T.
CO
Grieve son.-3 found in theT-TiCl^/AlEtCl system which
he studied that the molecular weight fell continuously
3
between 0 and 70°C. and that the relationship-between
— 10"log M and /T consisted of two linear regions changing 
in slope at about 50°C. Grieveson compared this change of" 
slope in the S versus T relationship with the discontinuity 
in the relationship between polymerization rate and 
temperature which also occurred at a similar temperature, and
concluded from this that the change in slope for Iog10 *V
3 » 
versus 10 /T coincided with the onset of diffusion (mass
transfer) control. As shown in Figure 27 the results in 
the present work do not show this correlation between the 
discontinuity in. the molecular weight relationship and the 
reaction rate relationship. The factors influencing the
o
reaction rate have been discussed earlier but the 
discontinuity in the molecular weight relation for this 
system is attributed to differences in activation energies
•
for the chain transfer and chain propagation processes. It 
is considered that up to 30°c.. little chain termination
*
(i.e. either termination or transfer reactions) take,- place
Figure 26a«_ f
The effect of temperature on.the limiting viscosity number
of the polymer.
See Appendix——Table X for results*
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The effect of temperature on the molecular weight and on 
the polymerization rate.
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as the energy of activation for chain termination is 
markedly higher, than for propagation. However, for 
temperatures>30°C. the .effect of the termination reaction
\
is believed to increase causing the fall in F_n values. 
IIcKensie and Tait60 found a similar effect at about 40°C., 
in the polymerization of 4-nethyl pentene-1 with a 
V015/Al(Isobutyl) 5 system, which they attributed to this 
latter cause*
The results of Chirkov et al65 support this proposal 
as they found activation energies of 70.3 kj mole 
(16.8 kcal mole"1 ) and lll.T.kJ mole""1 (26.7 kcal mole"1 ) 
for chain propagation and chain rupture reactions 
respectively.
Further support is given by the results quoted earlier 
where it was proposed- that the more marked nature of the 
decay curve at higher alkyl concentrations might result 
from transfer reactions involving aluminium trialkyl. The 
present results suggest that similar transfer reactions
o
might also occur involving the aluminium trialkyl at lower 
alkyl concentrations but higher temperatures. However, 
this does not take into account the part which chain 
termination reactions, such as transfer involving monomer, 
spontaneous termination and destructive termination
_x
(i.e. termination of active centres), might play. •
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(v) The effect of temperature upon the change in 
the nirnber average molecular weight with tine
The changes in the molecular weight versus time curves 
at various temperatures are shown in Figure 28. In these 
curves it will be sesn that the limiting molecular weight 
attained rises from 0°C. to 30°C. but falls again from 30°C.
j^ *
to 50 C. The overall shape of the curve was similar for all 
temperatures inves-tigated. "However, it was found that the 
initial build up to the limiting condition appeared to be 
more gradual at the increased temperatures.
A comparative curve is shown in Figure 29 for an 
experiment using the ^-TiClVAlEtpCl catalyst system 
(similar to current commercial systems). This system was 
found to attain a higher limiting value of Mn than the
i \
organo-magnesium reduced TiGl^/Al(.Et)^ system under 
equivalent conditions. .
This result is in agreement with the findings of • 
McICenzie and Tait60 who found higher values of Mn were 
produced in the polymerization of 4-methyl pentene-1 by
0
VC1-Z using aluminium diethyl chloride as co-catalyst than
when using aluminium triethyl as co-catalyst.
(vi) The determination of active site concentration
The number of active sites actively participating in 
polymerization was determined using the following procedure.
In order to measure the concentration of active sites the 
following assumptions were made concerning the kinetics of 
the polymerization. .
It was assumed that:
' (i) There is a steady state concentration [c*J
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of active sites set up before the 
first sample is removed from the 
system, i.e. active sites are 
created rapidly at the start of the 
reaction and a steady state* 
concentration is thereafter 
maintained.
= o for all measured reaction 
times t^5 mins.
(ii) Chain transfer and chain termination
reactions occur without the destruction 
of activity, i»e. there is no catalyst 
deactivatioii during the reaction period 
under the conditions employed in the 
experiment^ 
As the mechanism of transfer is uncertain a first order
constant is estimated for this Reaction Scheme:
R_
( a ) ff*:———p + I,]————————£^C*———P\&,j w n.r-1 n 
where C* is an active site
P is a -growing polymer chain of n monomer
units
M is a monomer molecule 
R^ = Rate of chain propagation
Therefore, \ = k« [c*] [M]
* ? 
k = rate constant of propagation
P r> 
v _ P______ . (-\\p~"p*jpn ........•••..••....-..-u;
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(b) c*——p————^o* + rn ~ - ,* n 
where the activity of the site C* is retained.
H.J. = rate of chain transfer. 
Rt = 1:.,
u u
v - P^  .-..........(2)
Now if Y, = yield of polymer (g) at time t.-
(H ), = number average molecular weight of
polymer at time t.
IT = Total number of polymer moleciiles plus 
total number of growing chains at time 
t (in moles.) 
then clearly ,. v
Therefore in a plot of Y^ versus No.,- Y^ versus
when YZT 
as t—
(see assumption (i)) 
therefore the intercept of this plot = [c*J
Also:
At any time, since R, , = ^p v/here R. . = measured ra
tot at Qf ethyj§5e consumption.
dN R 
aY * tot-
..i.—— -n _ neao-Qre^ rate
dt
Using (2) k, = RtLC*J
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therefore, k =
ay
Thus, from results of Yield, J^, and Rp the values of [c*] , 
kp, and kt may be calculated.
Fi-ures 30 to 34 show Tt versus Yt/( fln)t Plots for 
the present system at 50°C., 30°C., 15°C. and 0°C. and also 
a comparative experiment using T-TiCl-z-AlEt^l at 50°C.
The results at 50°C» and 30°c,> show a linear 
relationship within the limits of experimental error, 
throughout the initial part of the reaction. The linear 
nature of the relationship enables k, to be found by 
determination of the gradient dN^/dY^ and also supports the 
assumption .that [C*] is constant (d[0*]/d, =0;. At 15°C» 
and 0°C» the results are less conclusive, particularly as 
relatively few points were determined, and these show an 
appreciable amount of scatter between them. The results at 
0°G» show better correlation than those at 15°C» but in both 
cases it is possible that the assumptions made concerning 
the reaction at 50°C.*may be breaking down at these 
temperatures, e.g. an explanation of the results at 15°C» 
might be that the curvature of the plot is due to the 
generation of active sites. At 50°C. this is assumed to 
be rapid but at 15°C. this assumption may not be true. For 
completeness the results at 15°C. and 0°C. have been used 
in the determination of other reaction parameters but the 
above reservations must be borne in mind.
The concentrations of active sites as determined from
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the intercepts of the Y^/fi"; > -o-p" v -, 4. * -,->j.^./U^;^. vs. r.j_ plots were as follows:
Dodecyl magnesium bromide prepared TiCl-/AlBt, 
0.01 mil Ti313 at 50°C.
0,58 moles active sites per mole TiCl* 
o 60$ Ti atoms active)
0.02 mM TiCl, at 30°C.
^ -., i 
0.097 moles active sites per mole TiCl3
Ti atoms active) 
0.10 mM TiCl3 at 15°0.
0.017 moles active sites per mole TiCl
2fa Ti atoms active)
0.286 mM TiCl, at 0°Cr
0.0080 moles active sites per mole TiCl.,
(<~0.8#.Ti atoms active)
Aluminium 'di ethyl chloride prepared. ^-TiCl 
0.35 inM TiCl5 at 50°C.
0.0046 moles active sites per mole TiCl, 
(«^0.5$ Ti atoms are active)
These results are comparable to those reported by other
58 -^ 
authors for Ziegler systems. Grieveson^ reported a value
of <^1.5# of the titanium atoms as active sites for ethylene 
polymerization at 40°C. using an aluminium triethyl prepared
system. However, in the presence of 50$
hydrogen in .the .ethylene feed Grieveson found only 0.5$ of
ri-i
the titanium atoms were active. Schnecko et al ' have shown
that number of active sites in anY-SiCl^ system for propylene 
v/as dependent upon the technique of catalyst preparation.
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Thus at least part of the differences found in a comparison 
of the results obtained with the 'Y-TlCiy'AlEtgCl used in 
these experiments with the results obtained by G-rieveson Is 
probably due to this cause. 1'eldman and Perry68 polymerized 
ethylene with a TiCl4/AlR3 system in which they estimated 
the active centre concentration was between 0.003 mole/mole 
and 0.015 mole/mole, e.g. 0.011 at 55°C. and 0.05 at 40°0», 
which is also in fairly close agreement with our results for 
the nf-TiCl-z/AlEtpCl system.
Comparison of the results obtained from the experiment 
using the aluminium diethyl chloride reduced 'Y-TiCl-/ 
AlEtgCl system with those obtained using the dodecyl 
magnesium bromide reduced system shows that at 50aC. there 
are about 130 times more active sites present in the latter 
system. The active site concentration of the former system 
is comparable to that' of the dodecyl magnesium bromide 
prepared system at 0°C-. The results also confirm the 
findings of Chien ^ who gave evidence that the concentration 
of active centres in the propylene/TiCl5/AlSt2Cl system 
increased with increasing temperature. The values of 
1 x 10~2 - 6.x 10"1 mole(mole TiCl^)"1 found with this 
present system are substantially greater than those found 
with conventional TiCl^ catalyst systems for ethylene 
polymerization 4 x 105 - 1..5 x 102 mole(mole TiClj)"1 .
0
They are also substantially larger than values reported for 
TiCl3 systems used for propylene polymerization where results 
ofCthe order of 3 x 10"3 - 1.0 x 10~2 nole(mole TiCl^"1 
are found44"' 7 °' 71 . From the estimated values of the
-89-
I 
active site concentration the rate constant k and k* for
P 
chain propagation and chain termination v/ere calculated as
outlined previously.
°totR
The following values* v;ere found for k in the present 
work.
Dodecyl magnesium bromide prepared T 
50°C.
1.70 x 106 dm5
= 472 dm^
30°C.
9.73 x 105 dm5
= 270 dm5 mole^sec."1
' 
1.11 x'lO6 dm5
= 308 dm^
4.1 x 10 5 dm5 mole^hr."1 
=115 dm^ mole-Is ec.~^ 
Aluminium di ethyl chloride prepared t-S
50°C.
5.73 x 106 &®? mole^hr."1 
= 1592 dm^ mole^sec."1
These results indicate that the catalytic activity of 
each of the sites found in the dodecyl magnesium bromide 
prepared TiCl-* catalyst is only one-third of that found in
* See Appendix - note • 3 for values of M and R^.Qt for 
these calculations.
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the aluminium diethyl chloride -prepared Tf-SiCl, when the 
catalysts are used at 50°0. The increased rate, almost
40 times that of the conventional catalyst, with the 
dodecyl magnesium bromide prepared TiCl, is due to the 
concentration of active centres in the latter being almost 
130 times crater than for the aluminium' diethyl chloride 
reduced case.
However, the value found for k as estimated above Is 
substantially larger than that found by other authors.
Grieveson58 found a value, of k 80 dm mole sec."1 for the
P
polymerisation of ethylene using the aluminium triethyl 
reduced K-TiCl^/AlEtpCl system in a cyclohexane diluent at 
40°C. This estimate is about twenty times smaller than that 
found in the present work for aluminium diethyl chloride 
prepared >-TiCl5/AlEt2Cl at 50°C.
_ dN Rtot""t •" dY
The following values* were found for k^ in the present work. 
Dodecyl magnesium bromide prepared TiCl,/AlEt^
50°C.
0.21 hr."1
= 5.8 x 10"5 sec."1
30' 0.
0.073 hr."1
= 2.0 x 10~5 sec."1
15°0.
0.19 hr."1 
= 5.3 x 10~5 sec.-1 
*See Appendix - Note 3 for values of R^Qt and note 4 for
values of
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0.079 hr."1
= 2.2 x 10"5 hr."1 sec.-1 
Aluminium diethyl chloride prepared 1-TiOU/A12t2Cl
0.45 hr."1 ' 
= 1.3 x 10"4 sec."1
The kt value determined for the aluminium diethyl 
chloride prepared K-'J]iCl 3/AlEt2 cl system has been compared 
to km , the rate constant for chain transfer vibh monomer 
evaluated by Grieveson for the TiCl5/AlEt2Gl/Ethylene
Assuming that the major contribution to the chain 
transfer rate constant in the comparative systems is made 
by chain transfer to monomer and contributions from all 
other chain transfer and termination processes are small in 
comparison then
tk km = IMT
Thus k in the present case for the Hl-TiCl^/AlEtpCl system m ? >-
at 50°C^ is 1.1 x 10"~ 5 dm^ mdle sec.""1 compared with
k = 1 x 1(T ^ mole^sec."1 at 40°c. for the similar
m
7-TiCl,/AlEt2 Cl system found by (Mare son. The value we 
find for the ^ -TiCl7/AlEt2Gl system is«^>10 times smaller 
than in the results found by Grieveson and 20 times. smaller
for the magnesium alkyl reduced TiGl^AlEt^ system.
The value/in^the present case for the Ti01 5/AlEt5
system at 50°G. is about half that found for the "U-T,, 
system.
-92- 
(vii) The lifetime of r rowinrr polymer chains
The average value for the lifetime of the -rowing 
polymer chains was calculated using the expression:
L =k£!Kp
where L = average lifetime of growing polymer chain. 
P = number average degree of polymerization. t
iX *
R = Rate of polymerization.
ir __
As P = ^n for any time t,fL was taken to be the number
n 28 
average molecular weight at the end of the polymerization
experiment (i.e. when t = 3 hours )»
The following values* were found for L in the present
work .
Dodecyl magnesium bromide prepared
50°0
9.7 mins*
25 mins.
mins
24 mins» 
Aluminium diethyl chloride prepared K-TiCl3/AlEt2 Cl
4.5 mins
Appendix - Note-5 for l\t = 3 hours and Pn values,also 
ITote 3 for R values.
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These results show that the lifetime of the growing 
polymer chain is shorter for the aluminium diethyl chloride 
prepared l-IiCl^/AlEt^l system than for the present system 
at 50°C. by a factor of 2. The results also show that 
the lifetime of the growing polymer increases as the 
temperature of the reaction decreases.
Comparison of the results for the'Y-TiCiy'AlSt^l system 
with those of Grieveson for a similar cystenr show the 
estimate of the lifetime is markedly shorter in the present
work, 4.5 mins. compared with 30 inins. in the Grieveson 
case. However, in the case of polymerization using a 
50—50 ethylene-hydrogen feed, which Grieveson also invest­ 
igated, a comparable figure of 7 mins.. is found. This 
system has a similar concentration of active sites 0.5$ 
Ti atoms to the TiCl^/AlEtpCl system used in the present 
work. The result for the conventional catalyst in the 
present work is also comparable to the results of Feldman
£0
and Perry who polymerized ethylene using a TiCl./AlIU 
system. They observed chain lifetimes of 2 — 30 minutes 
typically 4 min. but increasing with reaction time,and 
Chien72 found lifetimes of 24 mins. for ethylene 
polymerization by titanium dicyclopentadienyl dichloride/ 
AlMe ?Cl at temperatures between 0°C. — 30°C. Natta4^ 
found similar lifetimes (5-15 mins.) for growing chains 
in the oc-TiCl 3/Al(St) 5/propylene systenu Various other 
authors have found considerably longer lifetimes of the 
order of several hours for both the polymerization of
AQethylene and of propylene by Ziegler systems^'
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OKAPTER 'IV 
Summary
The results obtained in this work indicate that the 
original objective of preparing an ultra-high molecular 
weight polyethylene material for use in artificial hip- 
joints has been reached. It has been shown possible to
polymerize ethyl ene to a material having M ^25
-2
x 10 at exceptionally high yields. For example, polymer
yields of 50 kg/g TiCl can be typically obtained with 
ethylene at atmospheric pressure and 500 kg/g TiCl* with, 
ethylene at 10 atmospheres total pressure» In order to 
obtain such results reagents of exceptionally high purity 
were required and procedures were developed to ensure low 
impurity levels-<2 ppnu Under optimum polymerization 
conditions a yield of>14,000 kg/g TiOU has been obtained. 
These high catalytic activities and low reagent impurity 
levels have produced polyethylene wfth a very law heavy 
metal content; typically polymers with titanium analysis 
<•! ppm Ti.being realized. This means that the present 
material shows a reduction of titanium content compared with 
the commercial products Hifax and Hostolen of 150 times and 
and 10 times respectively. Investigations into the wear 
rate of the present material are still being carried out 
and the results of these tests will confirm whether this 
material has the anticipated improvement in this characteristic
The polymerization reaction was characterised by the 
following sequence of events. Initially before polymerisation
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occurred the catalyst material was present as very fine 
brown particles which were so finely, dispersed as to 
impart only faint colouration to the diluent at the catalyst 
concentrations normally employed. As polymerization 
occurred the diluent became turbid by the "formation of a 
colloidal suspension of polymer particles which precipitated 
when the particle size increased forming discrete visible 
particles. 2hese tended to aggregate on further growth
but finally the aggregates broke down to give a slurry which 
consisted of a uniform, dispersion of fine white particles.
It was observed that the limiting viscosity number of 
the polymer increased as the pressure of the ethylene 
employed during the reaction increased.
Investigation of the effect of aluminium triethyl 
concentration, [All , at constant TiCl, concentration showed 
that low rates of polymerization were produced at low 
aluminium triethyl concentrations. At high aluminium 
triethyl concentrations the maximum rate appeared to be 
relatively independent of the concentration of aluminium 
triethyl up to the limit investigated. However, the decay 
period was found to be more marked at higher alkyl 
concentrations. It was considered that a minimum aluminium 
triethyl concentration was required to activate 
polymerization, probably by alkylation, and that high 
aluminium triethyl concentrations probably gave rise to
chain termination processes involving transfer or 
termination reactions with aluminium triethyl.
For variation in the concentration of the TiCl., 
catalyst component at constant aluminium triethyl
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concentration,a linear proportionality was observed between 
the TiOl^ concentration and the polymerization rate for
[TiOlJ<0.02 millimolar. A first order reaction with^
respect to the TiCl^ concentration was indicated and the. 
results were in accordance with the proposal -generally 
employed in Ziegler systems that
C*oc [TiOlJ 
Mass transport was considered to become the rate
limiting process for TiJl^ >0.02 millimolar and a method
b,een 3 
has/employed whereby this effect has been eliminated in the
evaluation of a maximum rate and maximum rate constant. 
The values for these parameters in the present system 
operating at atmospheric pressure and 50 C. are: 
Maximum rate:
971.7 mole ethylene (g
atmosphere"
27,200 g ethylene (g
n
atmosphere •*•
Maximum rate constant:
c
8057 moles ethylene (mole ethylene in
satd. soln.)
8057 gms. ethylene (gm ethylene in satd-.
soln.)(g T
atinosphere"
The relationship between reaction temperature .and 
polymerization rate was investigated and the rate was 
observed to rise sharply to an apparent maximum at 50°c. and 
then flatten off for a further increase in temperature. This
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discontinuity could possibly be attributed to mass transport 
rate limitations or the alternative explanation that at 
higher temperatures catalyst deactivation occurs causing 
a fall in the number of active sites. The overall apparent 
activation-energy obtained from the Arrhenius plot was found 
to be 75.7 kJ.mole"1 (18.1 Kcal.mole"1 ) which is higher than 
has been reported by other authors for ethylene polymerization 
using similar Ziegler systems.
A relationship providing an approximate estimation of 
the number average molecular weight has been applied to 
calculate values of ~n from Oj] in the investigation of the 
molecular weight behaviour of the polymerization reaction» 
Comparative results are given for -the estimation of the 
molecular weight l*y the above technique using viscometry 
measurements and for estimation? from the results of gel 
permeation chromato^raphy..
Investigation of the molecular weight behaviour during 
polymerization showed that F^ built up to a limiting value 
of ~ 1 x 10^ over a period of 2 - 3 hours for•polymerizations 
at 50°C, and atmospheric pressure with TiCl^ concentration. 
0»01 millimolar and AlEt* concentration 0»5 millimolar.'
It was found that the molecular weight was dependent 
u-oon the aluminium triethyl concentration, En decreasing as 
[AlEt^] increased. This effect was interpreted as probably
*/ **
arising from chain transfer involving the aluminium triethyl.
The concentration of TiOl* catalyst component was 
found to have no significant effect upon the molecular weight. 
The results showed a random scatter, attributed to
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experimental variations, of ~>±20# about a mean value of 
1.1 x 106 .
The molecular weight was found to initially increase 
with temperature up to 30°c. then to decrease for 
temperature? >30°C. This effect was attributed to the 
greater importance of chain termination reactions at 
temperatures >>30°C.
The molecular weight versus reaction time curves were 
found to show relatively little variation with temperature. 
The limiting value of Hn reached v/as found to increase 
between 0°C r and 30°C. but' to decrease from 30°G. to 50°C. " 
The build up region of the curve v/as found to be more- 
gradual at higher temperatures.
A method has been proposed and used for the determin­ 
ation of the concentration of active sites, C*, from the 
kinetic rate and molecular weight data. These data were also
used to estimate values of k . k+ and L, the chainP **
propagation. rate constant, the chain termination rate constant 
and the average lifetime of growing polymer chains 
respectively. The results obtained for these parameters are 
shown in Table 10.
The values found for C* indicate that there are about 
130 times the number of active sites involved in 
polymerization in the magnesium reduced system compared to 
those in a conventional l-TiCl/ALE^Cl catalyst. However,
values of k indicate that each active site in the magnesium
Jc
reduced system apparently has a lower intrinsic catalytic 
activity as the chain propagation rate constant for this
-99-
system is only approximately one-third of that found for the 
conventional ^ -TiCl3/AlEt2Cl catalyst.
The average lifetime of the growing polymer chain was 
estimated at between 10 minutes and 25 minutes for the 
magnesium reduced system increasing in length as the 
temperature decreased from 50°C. to 0°C. In the case of 
the Tf-TiCl^/AlEtgCl system a shorter lifetime of the order 
of 5 mins. at 50°C. was estimated about half the value 
found for the magnesium reduced system at the same 
temperature. The results indicate that the enhanced 
activity found in the magnesium reduced system can be 
attributed to a larger proportion of active sites than is 
found \vith conventional catalysts. The overall improvement 
in the catalytic activity arises from this difference, 
although it is not as large as might be expected,considering 
the activity of sites in a conventional catalyst.
Schnecko et al6^ have previously reported that the 
active site concentration can be dependent upon the method 
of catalyst preparation. As in the case of alky! aluminium 
prepared catalysts ,where the aluminium compounds produced 
in the reduction can be incorporated into the catalyst 
particles'^, it has been suggested that magnesium residues, 
from the preparation are incorporated into catalyst particles. 
The ionic radius of magnesium (0.065 nnu) is closer in size 
to that of titanium (0.068 nm.) than that of aluminium 
(0.05 nm.) from which it can be predicted that the 
substitution of magnesium for titanium in any lattice 
formation should occur more readily than aluminium.
Roper^0 proposed that catalyst preparations involving
-100-
Table 10
Values obtained for the kinetic, parameters investi­
gated in this work
System.
I.agnesir.
at 50°G.
at K)°o.
-t 15°C.
Aluminium
at 50°C.
Concen­ 
tration of 
active 
sites C*
^inole active
". reduced c:
0.580
0.097
0.017
n reduced ca
0.005
?ropagation 
rate con-
2m3fiole-l
-ec."1
talyst with j
472
270
308
talyst with i
1592
termination 
rate con-
seS."1
Q3t3
5.8 x 10-5
2..0 x 10-5
5.3 x 10-5
HEt2Cl
1.3 x 10-4
.-ve. chain 
lifetime
, L 
mins.
9.7
25
12
4.5
G-rignard reagents as used in the present work involved a 
"co-crystallisation" of magnesium halide and titanium (III) 
chloride which can "be expected to produce a material of very 
disordered structure like that of a glass. X-ray diffraction 
observations cited by Roper confirm that disorder was present
in TiCl, prepared using the alkyl magnesium halide method. 
This information can be considered in the light of the
findings of Rodriguez and van Looy'-' and other authors who, 
report that the active polymerization sites in conventional 
catalysts occurred at the edges of crystals and at crystal 
defects in the crystalline particles.
/•ry
If the observations of Schnecko et al that, as the 
size of TiCl crystals decrease the number of active sites
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increases and correspondingly the activity increases are 
also noted, it may be concluded that a hiGh concentration 
of active sites and therefore high activity should be 
expected from a catalyst with a very disordered structure. 
An alternative proposal made by Roper50 is that
••'
magnesium atoms incorporated into catalyst particles might 
act as promoters through the chlorine atoms. Roper based 
his proposal for this mechanism upon the findings of Cossee 
concerning the action of aluminium in aluminium chloride as 
a catalyst promoter. As the propagation rate found in the 
present work for the magnesium reduced system is lower than/ 
that found with the conventional catalyst,it is considered 
unlikely that a mechanism of this nature is operative.
The comparison of results found in the present work for 
the values of [c*], k , kt , and L found in the "tf-TiCl/ . 
AlEt2Cl/ethylene system with those found in a similar system 
investigated by Grieveson shows marked discrepancies. As 
the concentration of active sites, [c*], has been used in 
the present work in the evaluation of all the remaining 
parameters cited.above, it is of paramount importance that 
the determination of [c*] is accurate. The discrepancies 
found between the present work and that of other authors 
may arise from limitations in the accuracy of the method 
used to determine [G*] in the present work, e.g. the 
assumed applicability of the relationship between (VI and 
H for all polymer samples and the assumptions made 
concerning the reaction kinetics. It is surj^ested that
-102-
further investigations should be carried out in order to 
estimate the active site concentration by a more direct 
method such as a radio-chemical one.
If a suitable method for the direct determination of the 
active site concentration can be found,the variation in this 
parameter can be observed for variations in the. concentrations 
of the monomer, the aluminium alkyl andthe titanium (ill) 
chloride. Observations confirming the results found for 
variation in [c*J with temperature could also be confirmed.
The present work has not established the relationship 
between H and the monomer concentration and also R+Q.*. and - 
the monomer concentration which should be determined for a 
complete kinetic investigation of the system. limited 
experiments were conducted in the early work into the effect 
of different aluminium alkyls on the rate of polymerization, 
and the number average molecular weight of the polymer* The 
results of these experiments appear to indicate that the 
order of greatest polymerization rate is AlSt^> Al(iB^> 
Al(noct)* and the order of highest limiting molecular 
weight is Al(itoct) 5> AlEt^ >Al(iB)3 .
Further investigations can be carried out to confirm 
these observations and to extend them to other aluminium
alkyls »
The further investigations outlined above would
complete the data on the kinetic features of the reaction. 
At this stage it could be seen whether the results found . 
for the magnesium reduced catalyst system conformed to the 
p-eneral kinetic schemes currently proposed for Zierler
-103-
catalyst systems, and'also- the mechanises proposed for the 
reactions involved.
A field of investigation as yet virtually unexplored 
for the magnesium reduced catalyst is its catalytic 
activity in the polymerization of other monomers 
particularly propylene and buta—1,3-diene. Investigations 
in this area can not only realise more information
concerning those properties of the catalyst already 
investigated for the ethylene case but will also discover 
any capability the system has for the preparation of 
stereoregular polymers. This latter information would be 
of academic interest and if this catalyst can be success­ 
fully used for the preparation of isotactic polypropylene 
at increased yields or rates, it could also have important 
commercial implications. Another obvious extension of 
research into the magnesium reduced system would be the 
preparation of copolymers by this method.
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APP3I-TDIX 
Notes
1. The concentration of ethylene in iso-octane was estimated 
by extrapolation of data for the solubility of ethylene 
in Cg and C^ hydrocarbons to a GQ hydrocarbon. In this 
instance the value for the ethylene concentration was 
estimated at:
•z
0.12 moles ethylene-dm iso-octane at 50°C.
2. Units of 1.0 x 10~2 cnr gnT1 have been used throughout this 
text for the values of viscosity number and limiting 
viscosity number (L.V.N.) whilst units of 
1.0 x 10~~2gm.cm3 have been used for all the concentrations 
involved in the viscometry work. This means that all the 
numerical values of "viscosity number and L.V.3>T. are- 
equivalent to values expressed in the older Intrinsic 
Viscosity units (dl.gnu"1 ). This allows direct 
comparison with the majority of reference material which 
is normally available in these units. All the following 
equations involving L.V.iT. expressed as [*nl assume the use 
of these units.
3. Values estimated for the concentration of ethylene in
iso-octane (see also Appendix - Note l).
—"3 o 
0.12 moles ethylene-dm iso-octane at 50 C.
0.15 moles ethylene-dm""^ iso-octane at 30°C» 
0»17 moles ethyl ene-dm""^ iso-octane at 15°G. 
0.20 moles ethylene-dnT^ iso-octane at 0°'U. 
Values of R, , used to evaluate rate parameters:tO"C
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Magnesium reduced catalj^st.
at 50°C. Rtot = 1.183 mole ethylene hr.'^O.Ol nil T
at 30°C. R = 0.283 mole ethylene hr."1 (0.02 ml:
at 15°C. Rto.t = 0.320 mole ethylene hr.^CO.lO mi: 
at 0°C. Rtot = 0.188 mole ethylene hr.'^O^se mi: 
Aluminium reduced catalyst.
;•*
at 50°C. Rtot = 1.101 mole ethylene hr.""1 (0.35 mM
4. Values of M obtained from figures 30 to 34.
dY 
Magnesium reduced catalyst.
at 50°C. || = 1.03 x 10-6
at 30°C. M = 5.03 x 10"7 
dY
at 15°C. M = 1.03 x 10"6 
dY
at 0°C. ^ = 9.70 x 10""7
dY 
Aluminium reduced catalyst.
at . = . x
dY 
5. Limiting values for M were estimated from Figures 30 to.
34. Using the -olot of NVYt where Nt = YVX> then
•yj-
limiting value was taken to "be ft = /Nt from the 
graphical plot where Yt had the value at which t = 3 hours. 
Limiting values of M.
Magnesium reduced catalyst.
o ~ 6 at 50 C. Hn = 0.92 x 10
at 30°C. Hn- = 1.71 x 106 
at 15°G. Mn = 1.11 x 106 
at 0°C. SL = 0.90 x 10 6
Aluminium reduced catalyst, 
at 50°C. FIn= 1.44 x 106 
Values of Pn . 
Magnesium reduced catalyst.
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at 50°C. Til = 3.29 x 104 
at 30°C, Pn = 6.12 x 104 
at 15°0. Pn = 3.95 x 10^ 
at 0°C. Pn = 3.20 x 104 
Aluminium reduced catalyst 
at 50°C. Pn = 5.13 x 104
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Table I
The effect of "groFrure noon vi° comity 
.Results pliov/n. in 1'ifmre 14.
Run
No.
OP3S
016^
OP60
OP 6 4
OP 67
SlurrT^, 
ft v/ei-^hl:
20
26
23
20
23
Presr.nre 
I Tr:-2 :: ic-5
Total
1.0
5.S
7.3
9.0 ,
10.0
Gaud's
Atmospheric
4.S
6.8
8.0
9.0
Viscosity
^,TU^D6r i-) 
syr^rrz X' X 10"
19
- 22
24
26 '
27
lull: 
i,en-i±y
f— ^ -v^ /"i"-^1 ^^<_;_: L/iii
0.26
0.21
0.23
0.21
0.21
All the above experiments were carried out at 50 C. for.
3 hours using a aluminium triethyI/titanium (III) chloride
y ratio of 1 x 10 . The titanium (III) chloride v/as prepared
usin£ octyl magnesium bromide.
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Table II
She absorption of ethylene versus
time.
Pcesults shov/n in Figure 15.
'
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
• 75
80
85
90
100
105
110
Total ethylene abporbed (dm ^ ethylene at t .0?.?.)
'\un ITo. : D.K.2
SiCl, 
•Joncn: (0.01 raK)
—
1.85
3.60
5.53
7.38
—
11.64
r —
16.10
—
20.74
22.97
x
25.43
—
29.66
-
34.48
—
39.30
—
46.38
-
D.I:. 7
(0.01 nM)
— •
2.97
4.18
6.77
9.26
11.75
14.23
16.72
' 19.21
21.79
24.27
26.66
29.15
31.64
34.02
/
36.42
38.58
40.92
43.25
47.73
—
52.01
D.I:. 20
(0.003 EiM)
-
0.73
1.38
1.93
2.54
3.16
3.80
4.44
5.06
5.79 .
6.46
7.13
7.80
8.47
9.14
9.81
10.49
11.16
11.89
13.31
-
14.75
D.E.22
(0.003 nil)
—
0.42
1.22
1.92
2.62
3.35
4.13
4.90
5.66
6.44
,7.25
8.04
8.85
9.62
10.40
11.16
11.92
12.65
• 13.36
14.78
- ,
16.11
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Table II (Contd.)
120
135
150
165
180
55.07
53.83
65.16
70-.84
76.32
5-6.20
62.35
68.33
74.01
73.52
16.17
18.23
20.10
21.68
22.72
17.53
19.17
20.89
22.59
24.16
All the above polymerizations v/ere carried out at 50°C. and 
atmosplleric pressure using a 0.5 mMolar concentration of a 
aluminium triethyl and dodecyl magnesium bromide prepared 
TiCl,.
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gable III
Rate of absorption of ethylene versus time 
Results shown in Figure 16.
Time
min.
0
5
10
15
20
25
30
35
40
45
50
55
60
. 65
70
75
80 .
85
90
100
110
Rate of ethylene absorption (dm^ ethylene at S.1D.P. 
hr .""-"•)
Run Ho . :
TiCl.z concn. :
D.K.7
(0.01 mil)
-
35.66
14.67
31.00
29.83
29.83
29.83
29.83
.29.83.
' 31.00
\ 29.83
28.66
29.33
29.83
28.66
28.66
26.02 •
28.03
28.03
26.87
25o70
D.I:. 22
(0.003 311)
, . -- - 1
-
5.02
9.64
8.42
8.42
8.74
9.38
9.14
9.14
9.38
9.70
9.46
9.70
9.30
9.30
9.22
9.06
8.82
8.50
8.50
7.97
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Table III (Contd.)
120
135
150
165
180
25.12
*
24.61
23.90
22.74
22.03
7.65
V
7.15
6.89
6.80
6.27
All the above polymerizations were carried out at 50 C. and 
atmospheric pressure using a 0.5 mMolar concentration of 
aluminium, triethyl and dodecyl magnesium bromide prepared
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Table IV 
Rate of ?.bs oration of ethyl ene versus
?t different aluminium tri- 
ethyl concentrations
Results shovm. in' Eifure 18
'.Dime
0
"5
10
15
20
25
30
3.5
40
45
50
55
60
65
70
75
80
35
90
100
Rate of ethyl ene absorption (dm'"' ethyl ene at 
S.T.P.-hr."1
Hun No. D.i:.6
AlSt, (o,06 nil) 
con.cn.
—
12.20
—
18.65
17.70
18.31
22.13
21.02
21.02^
22.13
21.02
21.02
19.91
21.02
21.02
19.92
18.81 '
17.70
17.70
14.94
B.I:. 7
(0.5 mil)
—
35.66
14.67
31.00
o
29.83
29.83
29.33
29.83
29.83
31.00 .
29-33
28.66
29.83
29.83
28.66
28.66
26.02
23.03
28.03
26.37
D.I:. 3
{5.05:31)
32.14
.36.78
35.23
33-69
32.14
33.69
24.41
27.08
—
25.43
-
20.77
16.23
~
16.56
14.94
-
12.77
10.31
COil'jL'D...
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.e IV •
110
120
155
150
165
180
o
max.
12.18
6.10
2.97
2.60
—
0
21.6
" 25.70
25.12
24.61
23. 90
22.74
22.03
30.3
11.59
9*41
6.06
6.01
4.51
. 3.43
36. £
All the above polymerisations were carried out at 50°C. and 
atmospheric pressure using aluminium triethyl and a 0.01 mMolar 
concentration of dodecyl magnesium "bromide prepared 2iCl»
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gable V 
Rate of ab?oration ver-snr aluminium tri-
ethyl concentration 
Results shov/n in Figure 19
Hun ITc .
EK.6
DK.5
DK.12
DK.ll
DK.2
DK.7
DK.8
DK.9
DK.3
DK.4
Aluminium tri ethyl 
concentration, 
(millimolar) :
0.06
0.11
0.15
0.22
0.48
0.53
1.10
2.20
5.05
8.96
Max* ethyl ene absorption rate 
( dn^ e th3rl ene at o . i1 . P . -hr . ~ )
21.6
22.5
21.3
28.4
29.3
30.3
33.2
31 .2
36.8
30.7
All the above polymerisations were carried out at 50 C» and 
atmospheric pressure for 3 hours using aluminium triethyl and 
a 0.01 mi-Iolar concentration of dodecyl magnesium bromide 
prepared
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Table VI
P.ate of absorption of ethvlene versus titanium
.(III) chloride concentration
Results shov.ii in "figures 20 and 21.
Run lie .
DK.26
DK.15
DK.25
DK.2
DK.7
DK.19
DK.16
DK.23
DK.20
DK.22
DK.17
DK.21
DK.24
DK.27
DK.28
DK.18
DK.29
TiCl- concn. 
(mil^imolar), 
Ti
0.05
0.02
0.02
0.01
0.01
0.0085
0.0050
0.0040
0.0030
0.0030
0.0020
0.0020
0 . 00^
0.0012
0.0011
0.0010,
0.0010
Kax. ethylene 
absorption rate,R, 
(dn^ ethylene at 
S.-I.P.-hr.^1 )
109
66.9
60.9
29.3
30.3
23.9
17.1
14.9
8.4
9.7
6.3
6.5
5.3
5.0
4.7'
5.9
3.9
1/Ti
c.
20
50
50
100
100
118
200
250
333
333
500
500
667
833
909
1000
1000
l/R
0.009
0.015
0.016
0.034
0.033
0.042
0.059
0.067
0.12
0.10
0.16
0.15
0.19
0.20
0.21
0.17
0.26
All the above polymerisations were carried out at 50°o. and 
atmospheric pressure for 3 hours using a 0.5 mKolar 
concentration of aluminium triethyl and dodecyl magnesium 
bromide prepared TiCl*.
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gable VII
Rate of polymerization versus temperature 
Results shown in Figures 22, 23 and 27.
Run
No.
D!i. 3 9
DK.42
DK.40
DK.41
DK.32
DK.33
DK.3S
DK.2
DIC. 7
DK.36
DK.37
Teinp
°no ^
0
0
15
' 15
30
30
40
50
50
60
60
iolvn. rate 
( dnr . hr . ~1 )
6.8
4.6
9.8
9.0
9.8
12.5
15.4
29.3
30.3
30.2
26.8
TiCl, 
cone, 
(millimolar)
0.20
0.29
0.10
0.10
0.02
0.05
0.01
- 0.01
0.01
0.01
0.01
Specific 
polvn. rate.H 
( dm-/ lir~'-'-mI'I""^
34
16
98
90
490 ,
250
1540
2930
3030
3020
2680
LO£10K
1.53
1.21
1.99
1.95
2.69
2.38
3.19
3.47
3.43
3.48
3.43
103
3.66
3.66
3.47
3.47
3.30
3.30
3.19
3.10
3.10
3.00
3.00.
All the above polymerizactions were carried out at amospheric
f
pressure for 3 hours using dpdecyl magnesium "bromide prepared 
TiCl-z and a 0.5 mM concentration of aluminium triethyl. .
-124-
Table VIII
ariation in molecular v/eirht of "polymer versus
time
Re alt? for 5'i^ure 24
fll ine 
nin .
0
30
60
120
130
240
300
360
I ini t inr viscosity 
number- 
(cm5-nrl x 10~2 )
—
13.61
13»92
16.08 '
16.37
18.54
18.18
17.79
Numb ef av e r a r; e j- 
molecular v/eight x. 10 ^
—
6.60
6.79
8.09
8.27
9.63
9.40
9.15
These results ^ v/ere obtained for Run ITo. DK.45 v/liich v.ras 
carried out at 50°C. and atmospheric pressure. An aluminium 
triethyl concentration of 0.5 millimolar and a dodecyl 
magnesium bromide prepared TiCl, concentration of 0.01 milli­ 
molar v;ere used.
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Table IX
Effect 01* the ^ concentration of alirniniii:'.: trie thy 1 
\r:on the ^olecv.lar weicht of the "polymer 
Results for Figure 25.
-^
•No".
DIC . 6
DIC . 5
Die. 12
DK.ll
Die . 2
Die. 7
Die.i
DK.3
DK. 9
DK.3
DIC . 4
Aluminium trn ethyl
concn. (millinolar)
0.06
0.11
0.15
0.22
0.48
0.53
0.96
1.10
2.20-
5.05
8.96
limiting
viscosity 
number
21.97
19.99
18.56
19.61
23.08
18.29
18.25
17.17
13.76
14.46
12.46
_"uLiber average
::iole cular v:eight 
n
11.34
10.55
9.63
10.31
12.57
9.47
9.44
8.76
6.69
7.11
5.93
All the above experiments v;ere carried out at 50 C. and 
atmospheric pressure for 3 hours using aluminium triethyl 
and 0.01 ml-Iolar concentration of ctodecyl magnesium bromide 
prepared
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Table X 
Effect o.f temperature upon the nolecular weight
of the polymer 
Results shovm in Figure 26 and 27.
Run ITo.
DK.42
DK.44
DK.40
DK.43
DK.32
DK.33
DK . 38
DK.7
DK.30
DK.31
DK.45
3MC.36
DK.37
Temp. ,^ '^ o •
0
'o
15
15
30
30
40
50
50 /
50
50
60
60
Limiting 
viscosity 
nuaber ( cm^gin"1 x 10"" 2 )
17.75
15.95
-17.17
16.90
25.14
24.32
22.42
18.29
21.12
22.62
16.37
14.98
13.36
1-Tunber 
Average 
molecular 
v/eirrht ,- 
(f^ x 10"°)
9.13
8.01
8.76
8.60
13.95
13.74
12.13
9.47
11.29
12.27
8.27
7.42
6.45
10%
C 0^1 )
3.66
3.66
3.47
3.47
3.30
3.30
3.19
3.10
3.10
3.10
3.10
3.00
3.00
All the above experiments were carried out at atmospheric 
pressure for 3 hours using a 0.5 millimolar concentration of 
aluminium triethyl and dodecyl magnesium bromide prepared
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Table XI
V
The variation of the nolecule.r weight of the 
polymer versus tine at different tempera_tur_eg 
Results shov.ii in fir-are 28
[Dime 
rain.
5
10
15
20
25
30
40
50
60
75
90
105 •
120
135
150
180
D1Z.30, jJK.31 
at 5C°C.*
ITO
7.90
10.89
11.58
12.95
13.37
15.76
15.65
15.93
15.96
16.84
16.86
16.47
19.31
20.11
19.65
21.82
K n
3.40
5.03
5.42
6.21
6.46
7.89
7.83
8.00
3.02
^8.56
8.57
8.33
10.11
10.63
10.33
11.74
.uL.34 at 
30°0.
LTiT
12.21
17.93
20.66
19.88
—
20.75
_
24.33
25.43
20.69
27.56
27.58
—
30.17
29.29
29.00
Fln
5.78
9.24
10.93
10.48
-
11 . 04
—
13.41
14.15
11.01
15.61
15.62
—
17.43
16.81
16.61
DK.43 at 
15°0.
LTO
12.93
10.66
—
—
—
13.94
—
—
\
16.87
—
— -
— -
22.00
—
— -
16.90
X
6.23
4.90
—
—
—
6.80
-
—
8.5B
—
~
-
11.86
—
—
3.60
DK.44 at 0°C.
LVi\P
12.00
13.50
~
—
—
15.03
—
—
18.94
—
—
—
18.52
—
—
15.95
Mn
5.66
6.54
-
-
—
7.45
—
—
9.88
—
—
—
9.61
—
—
8.01
* Values averaged from Experiments DK.30 and DK.31- 
Units used in the above table are as follows:
,3«n-l
x 10-5
All the above experiments v/erc carried out at atmos ohcric 
rrercuro U!::.n :- 0.5 ^illinolar concentration 01 alui.iiniu::i
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trieth"! and dodec;;! ra bromide reared
gable XII 
The variation o_ the n~lecular v:ei~ht of the
lmer verrju? tine for conventional catal.yst
Result? shov/n in Pi.rure 29.
Time 
mins .
5
10
'30
60
105
120
180
idniting- viscosity 
number 
(cnHczT1 x 10~2 )
18.74
16.62
21.07
23.91
26.69
22. 6£
29.82
. lTuir.be r average 
molecular p-Y.'ei^ht 
(iC^ x 10 )
9.75
8.42
11.25 .
-13.13 -
15.01
12.31 ,
.17.18 ,
This experiment was carried out at 50°C. and atmospheric 
pressure using 10 nillimole.r concentration of aluminium 
diethyl chloride and a 0.35 millimolar concentration of 
aluminium diethyl chloride prepared l-TJL
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Table XIII 
Y-fc/0-p )-j- versus Ya. for the inaniefriur] reduced
catalyst. 
Result? shown in ?inures 30 - 33.
—D -; ' -l CT
,
5
10
15
20
25
30
40
. 50
60
75
90
105
120
135
150
180
5
10
30
60
120
100
nun :TO.
. ^e^i: ,°''
Pain lie .Te~ro. u C
/
/
D1C. 7
50
Yt(G*
3.72
5.24
8.47
11.58
L4.69
L7.79
>4.00
30.34
36.44
^5.52
54.07
52.34
70.25
77.94
35.41
99.40
BE. 40
15
3.16
5.59
L0.21
L5.16
21.93
?6.90
::•::. 30/31
50
:;n x 10
3.40
-5.03
5.42
6.21
6.46
7.89
7.83
8-. 00
8.02
8.56
8.57
8.33
10.11
10.63
10.33
'11.74
DK.43
15
6.23
4.90
6o80
8.58
11.86
3.60
50Yt^Vi
x 10^
1.09
1.04
1.56
1.86
2.27
2.25
3.07
3.79
4.54
5.32 .
6.31
7.48
-6.95
7.33
8.27
8.47
15
0.51
1.14
1.50
1.77
1.85
3.13
DII.32'"0
Yt ( -n '
1.78
2.70
3.63
4.50
—
6.13
—
9.06
10.48
12.22
14.44
16.49
—
20.42
22.15
23.80
DK.42
0
3.04
5.65
8.76
11.13
14,13
15.00
DII.34
30
. : -n x 10™-
5.78
9.24
10.98
10.48
—
11.04
-
13.41
14.15
11.01 "
15.61
15.62 «
—
17.43
16.81
16.61
DK.44
0
5.66
6.54
7.45
9.88
9.61
0.01
; ^o
Yt/(Hn ) t
x 10^
0.31
0.29
0.33
0.43
—
0.56
—
0.68
.0.74
1.11
0.93
1.06
—
1.17
1.32
1.43
O
' 0.54
0.86
1.18
1.13
1.47
1.97
Conditions of experiments as r.tatod in Appendix - Table XI
.'XIV
Yergus £°r onventional catalyst
Results sho',71 in Figure 34.
Time 
mins .
5
10
30
60
105*
120
180
£"£•
1.23
3.49
12.17
26.74
49.87
57.48
91.03
- (^*5
i-^n x 10
9.75
8.42
11.25
13.13
15.01
12.31
17.18
^t/(^)t 
x 105
0.13
0.41
1.08
2.04
3.32
4.67
5.30
Experiments carried out at 50°C.. Conditions as stated in. 
Appendix - Table XII. - Y^.. results from Run LTo. AK.47, and 
(Fln) t results from Run No. AK.50.
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Table XV 
Parameters used in the r? .p.c. analysis
See Table 8
G.F.I. Operatin- Variables 
Columns;
4 columns. 
i) 70- - 200 nm. 
ii) 1.5 x 105 - 5 x 105 n.m. 
iii) 1.5 x 104-'-- 7.5 x 104 n.m. 
iv) 5 x 105 - 10 6 n.m.
Flow rate;
31 cm. per minute.
Solvent;
o-dichlorobenzene + 0.1$ lonox 330 as antioxidant.
Temperature;
137 - 138aC., 
Cali"b.ration';
Polystyrene. 
Interpretation;
Calibration conversion to polyethylene is made using 
the following Kark-Houwink parameters.
Kark-Houwink constants
= lai 01
_ / 
Polystyrene; K = 1.33 x
(X= 0.70
Polyethylene; K -- 5.06 x
(X= 0.70
